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In view of low productwny of the parent fmm of Talypocladtumémﬂatum NRRL "~

8044 deposrted by the Sandoz grOUp, ten isolates- of T. ntveum (—mﬂatum) were exarmned

as an alternate source of qyclosporms Many T. niveum 1solates not prev1ously described . -

as cyclosporm .producers, _gave. higher cyclosporm levels than the parent NRRL, strain. A
Values of 100-200 .mg,/L were initially ‘observed but production was erratlc A systematic
examination of factors affectmg pept1de product1on was carried out to standardize and
optlrmze reproducrble cyclosporm levels. Thls 1ncluded blologrcal aspects such as moculum
standardtzatlon and medlum development as well as chemical aspects such as extractlon
procedures and rtgorously identifying cyclosporms by mass spectrometry. The best method
‘of quannﬁcatxon was High Performance Liquid Chromatographic analysis and a bloa,ssay
with Aspergillus niger quahtatlvely showed biological activity. . .

» The optimum production‘culture inoculum was found to be a 10% unwashed
inoculum grown in a preculture inoculated \_)vith'lO‘8 spores (100 mL). Low concentrau'ons
'_ of spores resulted in a pelletized morphology';\yhile l(igher concentrations gave filamentous -

growth and higher cyclosporin levels (200 mg/L). The optimum preculture and production |

medium-was found to be 2% sorbose, 1% vitamin assay casamino ac1ds 1% KHZPO;: and

0.5% KCl1 autoclaved insitu. Supplementatlon of the medmm w1th constttuent armno acids

allowed duecttonof cyclosporm synthesrs to pamcular classes and 1ncreased product1on

(>200 mg/L) The addttron, g.f 1“‘C methyl methtontne resulted in the production of
radJolabelled cyclosporin. Time-course studies demons sted that cyclosporm levels and
btomass increase raptdly to day 10 (180 mg/L and 10 g/L. respecuvely) whrle the medium
components were rapidly taken up. Productlon in three fermenter de31gns showed
cyclosponn could be produced at htgh levels in both a 1L external loop a1r11ft and a 10L

& [

- stirred tank fermenter >100 mg/L)
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Chapter 1: Literature Review and Objectives

‘
L

1.1 Literature Review - ’ g

‘The literature review for a project such as this must touch or; a wide number of
subjects. I have chosen to review the aspects of cyclosporin fcrmentaﬁons which are most
closely related to the projcct, "CyclqsporinProduction by Tolypoc#idium niveion strainy”,
and which reflect my interevsts; To deal with these diverse subjects in an organized manner,
the literature review will first describe thebdeveldpment of cyclosporin produétioh from its
‘initial isolation to the purification of the synthase enzyme and chemical synthesis of
cyleSpoﬁn. Much - T the work done in the field of cyclé,:,po;‘in production has been
carried out by :Ni)l‘kCI‘S from Sandoz Chemical Company (Switzerland): the names
Dreyfuss, Kobel, Traber\,‘)Bo'rel, and Wenger appear frequently in any literature review or
;eference list of cyélosp&_xlin production or applications. Next, a brief section deals with
the mode of action and thé,many cliﬁical applications of cyclosporins as well as one other
potential application in pest control. Secondary metabolites, and specifically peptide
antibiotics, will then be discussed with particular ¢mphasis on the related synthesis of the
cyclic peptide .ntibiotics gfamicidin S and enniatin. Finally,'férmenter design and
immobilization of fungai hypha‘e for metabolite pIroduc‘tion will be @ussed along with thg
predominant method of cyclosporin detection, High Perform;xhce Liquid Chromatographic

(HPLC) analysis. ‘ i

1.1.1 Cyc}osporimungal vi2tabolite

The literature relating to ¢ closporin production is just 12 years old and began with

the description of "new metabolites from Trichoderma polysporum " ( Dreyfuss et al.

1976). The discovery bf tNese compounds resulted from routine screening for new
N -
metabolites from microorganisms, specifically the fungus 7. polysporum (Link ex Pers. )

1



” .

~ .
| Rifui by Sencroz. his organisrn u/as described as having a main conidiophore axis which
measured 2.0-3.1 p{r‘n in width and usually terminated in a sterilg*ﬂexous'thread. The
‘ phialide-bearing branches which could be either unbranched or branched, bore verticils of .
)hlahd,es and usually temunated inma srngle phialidé. The phralrdes were swollen at the
base and elongated into a long, thm neck, where the hyalme subglobose to ellrpsordal
©2.0-3.1 x 1.5-2.0 um co.lgudra a accumulated in small heads. The descrrptron of thefstrarn s
characteristics differed slightly from that of Rifai (1969) forT. polysporum in the width of
the main conidiophore axis, the thin and l?)ng-necked phializles andﬂihe relatively srnall
conidia. A 1971 study by W Gams (Gams, 1971) proposed a,new genus \‘for »
soil- mhabrtmg hyphomycetes wxr.h swollen comdrophores and amerosporous conidia borne
in slimy heads There were three species in the new genus Tolypocladzum T. geodes T.
inflatum, and T. cylmdrosporum A further 10 specres were added to the genus ina study
by J. Bissett (Bissett, 1983) In a comparison of mosquito-larvae parasitizing fungl, Sigler |
et al. (1987) discussed the nomenclature of Tolypocladium. The cyclosporin producing
%{\ain of Tolypocladium was originally named Pachybasium niveurn (Rostrup). The
cyclosporin-producingT. polysporurn or Dreyfuss et al. (1976) was placed in the genus
Tolypocladzum asT. mﬂatum Brssett (1983) determined that Punzveum (Rostrup) and 7.
inflatum (Gams) were the same taxon The name given by Rostrup had priority in the new
genus Tolypocladzum, there;’ore the fungus was named T. niveun (Bissett, 1983). von
Arx has atternpted to rename the‘fungus Beauveria nivea (von Arx, 1986) though thic
design}a>tior5 does not appear to be well supported. The 1986 University of Alberta
Microfungus Herbarium (U AMH) catalogue listed the T. inflarum species as T. niveum,

" - e
the name used in all our work. ad »
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112 Chemical Structure of Cyclosporin
| Cyclosponns are cychc undecapeptides produced by Tolypocladinm speues which
are w1dely used as 1mmunosuppressants Some chermc&l charactensncs of cyclosponns
“were presented by Dreyfuss et al. (1976) mcludmg melnng pomts (148-151°C for '
cyclosporin A and 152-155°C for cyclosporm O), optlcal rotatlons in both chlorotorm .md :
- methanol, chemical formulae, and molecular weights. - The structure had been eluc1dmed
dby'che;rnic’al, spectroscopic, and crys_tallographic methods and was found to be that of a
_ nemfal cyclic peptide containing-11 amino :acid_s, which are predorﬁinantly aliphatic, seven |
of Which are N-methyloted COmributing to ‘the ‘highly nonpolar nature of the compound

(Flgure D. The molecule also contamed a umque ammo acxd resuiue (7S 3R 4R ,6E)- -

2- methylammo 3-hydroxy- 4 rnethyl-oct 6—en01c acid. This amino amd dbbrevmted L Cy

had not been previously described and is de31gnated as position 1 in numbenng schemes.r

a ;(

The only major difference in the structure of many of the classes of cyclosporins occurs at
poSition 2 of the molecule: the onémal classes of cyclosponns (A-H in order of

dlscovery) have differing amino acid re51dues at this position. For example cyclosponn A

“has L - armnobutync acid at posmon 2 while cyclosporm C has L-threonine ( Kobel and
Traber 1982);(Table 1) The more recent desxgnanon of twenty-five types of cyclosponn
some of Wthh are chemically denved, dlffer in amino acid substitutions at positions 1, 2,
4,5,7, and 11 or may contain unmethylated peptide bonrds in positions 6, 9, 10, of 11
(von Waﬁburg and Trﬂahber, 1986). The molecu}e also has hydrogen bonding at three

points. The secondary structure is composed of an' anti-parallel B-pleated sheet

~
J\

conformauon Wthh contains three tmnsannular H-bonds and is twisdted. The remainder of

the re51dues 7-11, form an open loop (Wenger 1984).

N






Figure 1 .Chemical Structure of Cyclosporin A

i
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Table 1 Ahﬁn6' Acid 'Com'positiQ_n gjf Seven Clas_s’es of Cyclosporin

& Cyclo- - N .. Amino Acids -
” sporin ' . ‘ ‘ %

@ 26 "3 a5 . 6 7 & 9 10 1

L-Cg L-Abu Sar L-MeLeu L-Val L-MeLeu 'L-Ala Ala .L-MeLéu"L-MeLeu L-MeVal
L-CgL-Ala Sar L-MeLeu L-Val-L-MeLeu L-Ala Ala_L-MeLeu L-MeLeu L-MeVal
L-Cy L- Thr Sar L-MeLeu'L-Val L-MeLeu L-Ala Ala’ L-MeLeu L-MeLeu L-MeVal
'L-CgL-Val- Sar L-MeLeu L-Val L-MeLeu L-Ala Ala L-MeLeu L-MeLeu L-MeVal
L-Cg L-Abu Sar L-MeLeu L-Val L-MeLeu L-Ala Ala L-MeLeu L-MeLeu L-Val
L-Cg L-Abu Sar L—MeLeh L—Val L-MeLeu L-Ala Ala L-MeLeu L-MeLeu L-MeVal
3-des- - o S ' o L
oxy . . N
L- CgL—NvaCSar L-MeLeu L-Val L-MeLeu L-Ala Ala L-MeLeu L-MeLeu L-MeVal
L-CyL-Abu Sar L—MeLeu L-Val L—MeLeu L—Ala Ala L-MeLeu L-MeLeu D-MeVal ,

mMmgOw >

I Q

v-t,

[

a L-Gy is (25,3R,4R,6E)-2- Methylammo 3= hi\/d:oxy 4 methyl ‘oct-6-enoic -acid

b L-Abu is L-«-aminobutyric acid S ‘ o

¢ L-Nva is L-norvaline o \'\\

d L-MeLeu is N-methyl- L—leucme * ' ' : :
» ¢ L-MeVal is N-methyl-L-valine

f Position 8 Alaare all D

from Kobel and Traber, 1982



| 1',’1‘.‘2-.1 .Detection of Cyclosporin

‘ ~One consideration of primary importance to this study is the method of deteétidn of
cyclosporins in the T. inflarum cultures: the ideal method would be rapid, reproducible,
z;ria incxpehsivc. To this; end the most appealing assay for cyclosporin would involve a
~ rapid .bioas\say for semi-quantitative analyses. Howevér cyclosporins have no éffect on
most bacteria and their fungicidal effect requires considerable quantities of the compound
(Dréyfuss et ai. 1976). Though several fungi are inhibited by cyclosporins, these include
g Ne'u'rospora crassa apd-AsbergilluS niger (Dreyfuss et al. 1976), no bioassay utilizing
Lﬁesc Q;‘ganismbs ,Bas | been described. Dreyfuss er al. (1976) also “used thin layer
chromatography (TLC) for tPlé detection of cyclosporins. This méthod had the advantage
of a_llowing recovery of the cyclosporin sample and for measurement of sample
| radioactivity in rédioactivg labelling expegments. The major limitation to this method was
that it &Qas neither rapid nor efﬁcieht. Another method of detection involved the extraction
of.thé cultures, crystallization of the cyclospoyins and checking physical properties such as
mélting point and optical rotation. Thi _might explain why the minor classes of

" cyclosporins were not obser;'ed untii HPLC detection became corﬁmonly used. None of
_ tﬁeSc analyses vw'ere réadily automated or cost-efficient. For these reasons other methods
of cyclosporin éuantitation were needed.

- The first of these'was a radioimmunoassay (RIA) for cyclosporins. A.RIA ‘Wwas
marketed by Sandoz for cyclosporin A and has been used almostdexclusively for clinical
: appljc;;tions. An exception to.this was the use of RIA for cyclosporin analyses by Fbéter et
al. (1983) as a confirmation of HPLC analysis. The analysis of plasrﬁa'and urine samplés
for cyclosporins has been carried out routinely by RIA. Howe‘ver When compared to
HPLC-analysis itvhas been fouﬁa that RIA tends to overestimate the quaniity of cyclosporin
" present, présumably because it also detects metabolites of cyclosporins which have sif;ilar

antigenic characteristics. A major drawback is the specificity of the assay in that RIA cannot
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distinguish between the classes of cyclosperins of theirvmetabolites (,Carrutheru et al.
1983). | e
| HPLC analysis eliminated both the problems of RIA, as the basis of\sepuration and
idendﬁcation is the chemical properties of the molecule and its ultraviolet light “absorbance
(Carruthers er al. 1983). The HPL‘.C analysis of cultures, olaema or urine samples {nvolves
an extraction with a non-polar solvent, subsequent drying of the extract, solution in another
solvent, and 1n1ecnon into the HPLC system. The mobile phase of all cyclosponn HPLC-
analyses are solunons af acetommle methanol, water, and occasionally phosphoric acid.-
There are a multitude of methods utilizing different t}Tpes of reverse-phase columns, mobile
‘phases, flow. rates, and operating femperatures (Kreuzig, 1984). The cyclosporins
themselves are resolved on the basis of polarity which is related to the substituent amino
arids, their substitutions and methylations.' The extraction procedure rem'oves- the majority
of the culture components leaving a residue which is free of most interferin g metuboli‘tes
v[he cyclosporins are easily resolved and can be positively identified by companson with
the elutlon times of known standards. The cyclosponns can easily be collected after

ana1y51s by a fraction collector Detectlon of cyclosporins after separatlon is on the basis of

ultrav1olet absorbance at 214 nm due to the vibration of the peptide bond.

1.1.3 Biological Activity
Interest in cyclosporin has developed since the description of its unique and
impressive immunosuppressive activity first observed by Borel enal. (1976) ~This initial
| interest has sparked research which has led to a number of diverse clinical appllcauons
-Additionally one umque entomologwal apphcauon has been observed for cyclosporin and a A
" related compound produced by Tolypocladzum spc01es

The blologlcal effects of cyclosponn may be divided into four categories:

antimicrobial, annparasitic, antiinﬂammaw{y, and immunosuppressive. The antimicrobial
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activity of cyclosporins was found to be rather narrow. ‘Only a few species of yeasts were
sensitive and no inhibition of bacterial growth was observed. Some strains of Mucorales,
ascomycetes, and deuteromycetes showed differing sensitivity against cyclosporins, this
inhibition often manifests itself as deformation and branching of the growing hyphal tips or
simply as a reduction in the gro"Wth rates of sensitive yeasts on solid medium. The aerial
hyphae were not affected, nor ;vcf& the spores or germination of the spores (Dreyfuss et al.
1976). There is no present clinicaj applicaﬁon for cyclosporin als an anti-fungal agent.
.However it Was found that éyclosporin A inhibited the growth of th(:, opportunistic
pathogcn Cryptococcus neoformans in a murine model. This basidiomyceic is often
" observed in patients with decreased T-lymphocyte-mediated immune function including
patients with acqhired imrriunc deficiency syndrome (AIDS). Mice treated in vivo with
cyclosporin were able to survive indefinitely and were better able to clear the pathogen from
their lungs. Cyclosporin administered in vitro, at levels equivalent to those found in the
blood of the immunocompromised_ mice, was able to inhibit the growth of C. neoformans.
The authors ‘suggcsted that patients who receive cyclosporin A immunosuppressive therapy‘ ’
might be fortuitously protected against infections of C. neoformans (Mody et al. 1988).
| The anti-parasiticn)z:ictivity of qyclo_sporin potentially has greater clinical tisefulness.
Cyclosporin has been shown to have a potent effect on schistosomiasis in a murine model, .
poésibly through a host-mediated mechanism causing inhibition of the haemoglobinase and
lowered pmtein levels in the schistosomatic worms. The result waé a marked ;eduction in
. the male worm population and to a greater extent the fémale ﬁopulaﬁon (Bueding eral®
1981). Cyclosporin also has a dramatic effect on Plasn;;dium falciparum» and other
Plasmodium speéies, the parasites involved in malaria. In 4 murine model Thomme%" '
(1981) has derﬁdhstxatcd that opti¥nal effects were obtaincd using subimmunosuppressive
doses and that -nly a few doses were negessary to cure the mice. The best results were

obtain{sd when cyclosporin was administered during the parasitaemia and not at the time of

» .
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infection. This indicated the drug acts directly on the plasmodium in vitro in contrast to
the action on schistosomatic worms (Borel, 1982; Thommen, 1981).

[ 3

Cyclosporin has been -found to be effective, in preliminary reports, in mimy

-

autoimmune diseases as an immunomodulator. Three significant examples of this

—

immunomodulating effect are in posterior uevitis, Type I diabetes mellitus, and rheumatoid
arthritis. In early animal trials, and later clinical human trials, 6ccular'inﬂammutory :1ctivity*
decreased aﬁd visual aduity increased oncé cyclosporin thefapy started (Nu\senblatt etal.
1982; Nusécnblatt et al. 1983). In a study of Type I diabetes mellitus, cyclosporin
administration within six weeks of diagnosis dggonsj:ratcd a beneficial effect: over half the
trial group were able to discontinue insulin use. \f;;tcr one year, the patients continued to
do well though if cyclosporin therapy was discontinued insulin dependence developed
(Stiller er al. 1984). The effect of cyclosporin on rheumatoid arthritis continues to be
studied. Preliminary animal »trials as well as double-blind ..Elacebo controlled studies in
humans indicate an improvement in number of swollen-joints, Ritchié articular index, and -
pain scores (van Rijthdven etal. 1985).

- However the in3munosuppressive activity of cyclosporin is by far the most
important ac‘tivity.of the drug and this immunosuppressive effect appears to be seléctiv@ for
the T helper cells. Cyclospoﬁnhas l’)eeﬁ shown to be effective in a great number ot’y'
-transplant operations including those of the heart, liver, and kidney where tolerance has
been induced across major histocompatibility barriers. ‘In add‘ition' fo cadaver kidney
| transplants where cyclosporiﬁﬁ‘néreases ov'craﬁ graft survivz;l, cyclospoﬁn has been used
successfully in higher risk operations such as liver and heart-lung transplants. Prior to
cyclosporin"s use these operations suffered from a high incidence of complications and
long term survival was poor (Belendiuk and Winter, 1986). Cyclosporin has also been
found to be effective _in/modifying g'raft‘versus host di'sease‘ in bone marrow transplantation

‘without significant mye\l\osuppreé‘,sive.'effgc,ts;LPo‘weles eral. 1978).

¢



The major'problem with cyclosporin théfé‘py is the associated ﬁephrotoxﬁcity. The

~ pattern of nepk&otoxicit'y is idiosyncratic: There is a positive correlation betwéen high level

of ’abnbormalitics and h.igher doses of cyclosporin but:these abnormalities can also be

" observed in a ... gniﬁdant number of patients with lower cyclosporin levels. The ;;reéise‘

therapeutic- window for cyclosporin in the majority of autoimmune diseases is not known

SO precise alteratxon of the dosage is not easily carried out, in part because changes in

renal functlon are not manifest until 6-8 weeks) after the dose change The final problem in

this area is that the degree of i unmunosuppressmn bgsed on standard laboratory parameters
and clinical disease progression are poorly correlated (Belendiuk and Winter, 1986). _

A novel apphcauon for cyclosporin and a related compound"[}alypm was observed
in the effect of these compounds on mosquito larvae. A fungus, Wthh was later identified
as T.cylindrosporum, was isolated from Aedes australis and Aedes sierensis by two
different workers (Weiser-and Matha, 1988a). The fungi killed the larvae of these two

- mosquito speéics by growth inside the hemocoel of the insect. This larvicidal effect was
also observed for T./geodés and T. inflatum (=T. niveum) although fungal growth alone
was not fes\pons:i le for this killing effe/ct. Another factor was isolated and found to be a
water soluble, fhermostable metabolﬁe related (v the fungal pekatrim;s named Tolypin
(W ies;:r and Matha, 1988a). The identification of Trichoderma pqusporm as T.inflatum
(=T. :‘nviveum) resulted \inua' test | of cyclosporin's mosquitocidal activity'. A crude
cyclosporin extract from T. inflatum (=T. niveurn)did in fact demonstratc mosquitocidal
activity but this effect was quite different from that of Tolypin. HPLC analysis indicated
that Tolypin differed from cyclosporins and was eluted separately. Weiser a'hd Matha ,
(1988b) suggested that a syner%tic effect befween Tolypin and cyclosporin might oécuf ,
undér certaimr cohditions. Tfiis mosquitocidal effect might be utilized as a biological test for
cyclosporins. | : o _ _‘ .

N
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1. 14\D|rected Synthesis of Cyclosporms\
/ By 1982 the basic lcnowledge about the structure and 1mmunosuppmsslvc actlvmu

had been publlshed Scxentlsts at Sandoz had descnbed a protocol for the productxon of

‘cyclosponns The dlrected biosynthesis of : actmomycms had been reviewed by Katz and

N Demain (1977) and was now attempted by Kobel and Traber (1987) for cyclosporins. The
fungus T.inflatum (=T. mveum) used in-these expenments was a mutant derlved from the
parent T. znﬂatum NRRL 8044 strain. As cyclosporins of the cldsses A,B,C.D,and G

- differ in chemical structure only at the\second amino acid residue, adding an excess of a

particular substituent amino acids to the culture might direct sym_hesis;‘to the desired class Of

cyclosporin. Kobel and Traber were indeed able to :dir'eét sy"ﬁtheéis" This was not complet¢

in all cases but the less commonly produced classes of cyclosponm such as D and G,

were now produced in good ylcld (see Table 2). . This ablhty to dlrect synthcsxs reﬂccts llu |

low specificity in the non- nbosomal blosynthcsm of peptldes in eukaryotcs

o
v

1.1.5 Radioisotope Labelling

To better understand the assembly and synthesis of Cyclbsp‘on’ns a series of

radioactive labelling experiments were carried out by Kobel, Loosli, and Vog?s "(']9_83)7,‘ |

Their experiments initially used 4C-labelled substrates to determine the best precursors for

later 13C-labelling for NMR studies. 14C4Methyl labelled methionine proved to be the best

precur’sor'for the production of radiolabelled cyclosporins. Experiments were carried out
using both 14C- and 13C-labelled acetate and 14C- and 13C-methyl methlonme to detcmnng
the precursors nccessa,tg,v for complete cyclosporin synthesis. The results indicated that the

methyl groups involved in the N-methylation were dcnved from the mcthyl group of

&

methionine, The unique amino acid residue at position 1, abbreviated L-Cy , was found

- . \ . .
from 13C-NMR studies to be derived from the head to tail condensation of four acetate

units. Further studies involving radioactive labelled precursors were camed out by Zocher



Table 2 Directed Synthesis of‘Cyclosporin Production.

13

Precursor Mycelial Dry Total Sﬁgle Compounds
8 g/l ‘Weight 4 Cyclosporins (% total cyclosporins)

o (g/L) (mg/L) “A C D 'G
O=contol 19 131 77 -- 23 - -
DL-a-Abu 19 249 100 -- - L
L-Ala- 23" 113 51 13 36 - .
L-Thr 22 672 _59 - 41 - -
L-Vdl 19_ . 743 . 43 - 20 37 -
L-Nva © 23 260 -- - -- 91

‘a-Abu= a-aminobutyrate

Nva= norvaline

from Kobel and Traber, 1982
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er al. (1983). These experiments involved feeding 14C- radiolabelled Precursor amino
acids, L-valine, L-leucine,-D and L-alanine, glycine, and methyl -labelled methionine. The
results indicated that a particular amino a&d was incorporated oﬁly at its uppfop‘ri:uc
position in the cyclosporin molecule. The model of cyclosporin assembly, in which the
methylations occur simultaneously aftér assembly of the molecule from donor methionine,
was supported not only by the incorporation of activity when #C-methyl labelled
methionine was added, but _also by the lack of incorporationdcjf 14C-methyi labelled
sarcosine (N-methyl Hglycine). This agreed with the results of Kobel er al. (1983). It was
suggested that the ‘synthesié of cyclosporin might be similar to that of enniatin, where a
fnulvtif nctionalsenzyme carries out N-methylation of the constituent amino acids after their
acdv&Zon as enzyme-bound thioesters (Zocher and Kleinkauf, 1978).

1.1.6 Fermehter Design and Fermenter Production ofl Cyclosporin

Production of industrially important products must be carried out on a larger scale
than shake flasks. For this reason fermenters are used to increase the size of the
fermentation and to conirol the many associated variables. The growth of fungal cultures in
fermenters requires different considerations from bacterial cultures.

The pafvlysical characten'stics of fungal stirred tan.k and stationary cultures are very
different from those of bactena or yeast (Burkholder and Sinnott, 1945) This is due to the
morphology of filamentous fungi and the resulting non-Newtonian properties of these
fermentations including uneven mixing of the culture. The filamentous fungi place a higher
demand on the fermenter system (mass transfer, heating, and mixing problems) as the
cultures have.a higher viscosity due to the filamentous nature of the .fungi. These demunos
can be tovercome by changing the engineering variables of the fermentation such as
increasing irhpeller speed (van Suijdam and Metz, 1981). However a change in a phy3ical

parameter often results in a change in the fermentation, increased impeller speed would
& ,
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résult in shorter hyphal growth which would reduce viécosity of the culturé. v"I'he amount
of impeller energy input would be related to the ten'sile strength of the hyphae and weu.d
obey theiaw of diminish eturns. ‘
~ An alternative to the filamentous morphology of many of the inélusm'ally important
fungi}is either a pelletizéd morphology or the immobilization of the fungi in a matrix. The
most important advantage of these forms is that the viscosity of the culture is reduced
though prbblems in reduced o;lygen transfer and sampling may occur.
Mycelial pellets have been used in bOth stirred tank and airlift fermenters to produce
a wide variety of products (Martin and Waters, 1952; .Steel et al. 1954; Clark, 1962; Konig -
et al. 1982; Kloosterman and Lilly, 1985; Martin and Bai'ley, 1985; Wase er al. 1985\)' The
- factors affecting pellet formation have been well documented including agitation, growtt A
medium, pH, ox:ygen ténsion, po.ymer additives, and growth rate (Ward and Colotelo,
1960; Whitaker and Long, 1973; van Suijdani et al. 1980; Schurgel et al. 1983). The size
of inoculum has been recognized as being one of the most important factors in pellet
formation and it can be stated that large inocuia generally result in a filamentous
morphology while small inocula produce pelletized morphology (Metz and Kossen, 1977).
) Mycelial pellets haVe been investigated for oxygen mass transfer (Ho er al. 1984)
anc 't has been foynd that oxygen depletion in the pellet or bead centre will cause autolysis
of the fungus resulting in a hollow centre (Metz and Kossen, 1977). Oxygen depletion in

- the pellet is not limiting until a critical diameter is reached whereby a gradient of oxygen -

"diffusion is established with the centre finally receiving none. Immobilized pellets have

been examined microscopically to detérmine the effect of k-carrageenan concentration on
mycelial growth inside the beads (Deo er al. 198?;). It was found that carra‘gee'nan
concentrati;m over 4% resulted in periphef‘al growth. | o v

Use of pelletized or immobilized fungal cells has been reported fora great number

- of applications. These include the production of citric acid (Tsay and To, 1987), enzymes
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(Kobukli et al. 1978; Kobuku et al. 1981; Frein er al. 1982; Wase er al. 1985: Suter er al.
1986; Kirk er al. 1986), ethanol (Linko er al. 1981; AiresBarros er al. 1987: Godia er al.
1987), gibberellic acid (Kahlon and Malhbtra, 1986), and cyclosporin (Foster et al. 1983).
Recent useé have included use of pelletized or immobilized genEtically—mddiﬁcd bacterial or \
fungal cells to produce extracellular foreign proteins (Das and Schultz, 1987; Younes ¢t al.
1987). . | | |
Cyclosporin production in a (small scale) éxtemal loop airlift fer.;ﬁemer with shake
flask cultures using carrageenan-entrapped and free mycelia of T. inflarum NRRL 804
had been shown by Pasutto's group (Foster et- al. 1983).‘ An airlift fermenter was used
because of its simpie configuration, (¢ost effectiveness, and hydrodynamic chqructcr’;_‘
Immobjlization of the mycelium in 3% carrageenan avoided the problems associated with’
maintajning the pellet morphology during the fermentation.  Cyclosporin production levels
rahged between 240 mg/L cyclosporins in the fermenter to 300 mg/L cyclosporins in the
free mycelial shake flask cultures. These production values were: detected using b(g‘th
HPLC-UV absorbance analysis and ihe commercially available RIA with a positive
correlation be'tw?eon the values detected. Foster er al. (1983) also attempted to operate the
airlift fermenter uéing an inoculum of free myl:elia but found that under their conditions the
entire inoculum was carried ontg the walls of the fermenter by the bubbles and effectively
removed from the fermentation. The large amouit of foam present in both the shake flasks
and fermenter was thought to be an qualitative indication of cyclosporin production sinc\'c
the medium was designed to be low foaming. Therefore it was likely that foam production
was z;result of fungal action. The authors concluded that the fermenter conditions had not

yet been optimized.
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1.1.7 Medium Composition and Gi'qwth Conditions

Since the first production studies, a large number of different media and growth
conditions have been tested for cyclosporin fermentations. The org;lmism used throughout
most of the literature has been the original stf;ljn of T. inflatum (=T. niveum) which is
desighated either as NRRL 8044 or DSM 915 (deposited as Trichoderma polysporwﬁ).
These strains, or mu.tants thereof, were used exclusi\}ely (Dreyfuss et bl. 1976; Koobel and
Traber, 1982; Billigh}and Zocher, i987) ihcludin‘g the T. inflatum ATCC 34921 strain
used by. Agathos et al. (1986 and 1987). In all of these studies, cyclosporin productioﬁ
involved preculturing a spore suspension in a.rich medium to generate biorﬁass then
transfer to a more nutrigionally-limited medium in which the secondary metabolite was
produced. These limited media have used a great range of carbon and nitrogen sources
-including glucose (Foster ez al. 1983), sucrose and malic acid (Kobel ahd Traber, 1982),
~maltose ‘(\Kobel et al. 1983)_, corn steep molasses (Zocher et al. 1984), caseinpeptoné
(Preyfuss er al. 1976), vitamin assz;y casamino acids (Foster er al. 1983), and sodium
nitrate (F ¢ er al. 1983). These media have also used a great variety of salts, trace
element solutions, and vitamin supplementS'(Kobel and Traber, 1982). The growth
conditions and times of fermentations also varied greatly from shake flask cultures to

-industrial scale fermenters (Dreyfuss er al. 1976).

Final production of cyclosporin has also varied. Dreyfuss et al.(1§76) described

+ production of 200-300 mg/L. cyclosporins in a glucose-cascinpéptone edium. Kobel and
Traber.(1982) ﬁoted prodﬁction of 113-750 mg/L cyclospon’hs in! a sucrose-malic acid
medium supplemented with substrate amino acidSZ Foéter et al. {1983) were able to
produce 300 mg/L cyclosporins in a -déxtrosc-vitamin assay casamino cid’s medium.
Agathos er al. were able to show only 150 mg/L cyclosporins usmg sorbosc -bactopeprone
medlum (with T. inflatum ATCC 34921). This range of toth medium components and

total production presented problems in establishing the methodology and media with a new



strain of Tolypocladium to yield high, reproducible levels of cyclosporin.
. \ \
1.1.8 Nutritional vStudies
The first published comprehensive study of the nutritional requirements for
cyclosporin synthesis was by Agathos er al. (1986). They described attempts to optimize
cyclosporin production by varying the carbon source and nitrogen source in the medium.
Carbon and nitrogen components were varied in a base medihm of potassium phosphate
and potassium chloride. Fungal growth and cyclosporin production were determined after
10 days at 27° C in shake flask culture. An investigation of 22 carbon sources, including
pentoses, hexoses, disaccharides, polysaccharides, and organic acids shoWed certain
carbon sources supported higher cyclosporin levels and these were further tested to
determine their optimum concentration forqcyclosp\orin production. The results indicated
that the carbon soﬁrccs which were highly favorable for biomass production did not
necessarily yield optimum secondary metabolite production: this has been observed in a
wide variety of antibiotic fermentations including B-lactams and amino- giycosides (Demain
et al. 1983). This phenomenon was observed for increésing concentrations of glucose and
maltose but not necessarily for other éa;l?:gri"sources tested. The, conclusion reached was
that each carbon source ought to be tested sépara;ely to determine its "optim'um concentration
for cyclosporin production. Agathos'(1986) group also detéxmined that the optimum
icarbon source was 2% sorbose. H
The batch fermentation kinefics were also examined. Agathos et al . determined thzlf
: Q
the production of cyclg)sporins' was essentially complete after ten days, beyond this time

there was considerable hyphal fragmentation and autolysis. The productAion followed the

growth curves described by Dreyfuss et al. (1976) where cyclosporin production was slow

“initially as the carbon source was rapidly taken up and the prbduction incréased during the

slower growth phase. Another aspect of batch kinetics which was investigated involved

A
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ed-batch culture. Cultures started on sorbose as the.carbon source were then supplied
with maltose on day 8. Following a 3-4 day lag cyclosporin production resumed resulting
in final production which was markedly higher than for éither carbon source alone.

The nitrogen source was also invesfigated by Agathos (1986) as a possible means
to increase cyclosporin production. The inorlganic nitrogen sources tested failed to yield
satisfactory cyclosporin levels. The complex nitrogen sources proved to be supverior,i
rbac“to-peptone yield{ng the highest cyclosporin ‘lévels. A preliminary study into the effect
of temperature on éycloqurin production indicated that cyclosporin production was higher
at 15°C than at 27°C, the temperature which had previously_‘ b;en used by all other
investigators. Preliminary stJdics for further genetic studies wer‘-eiallso carried out including
successful protoplast formation and determination of antibiotic sensitivity where 1t was
found that T. inflatum (=T. ﬁiveum) was virtually insensitive to chloramphen'icolv,
mycostatin, or cycloheximide. This insensitivity was suggested to be indicative of high

resistance of permeability to the antibiotics tested.

.1.1.9 Chemical Synthesis of Cyclosporin
The total synthesfs of cyclosporins A and H aS well és several énalogues has been
carried out by Wenger at Sandoz (Wenger, 1984 and 1985). The rationale for synthesis
involved the assembly of a linear cyclosporin molecule and cyclization by forming a
péptide bond between positioh 7 L-alanine and position 8 D-alanine. This strategy was
used to take advantage of'_ the fact these residues are r{on-methylated and bond formation is
less difficult befweén amino acids which are not N-methylated. The synthesis of
cyclosporins and "f:;nalogues is now readily carried out and could serve as a powerful

research tool in determining Lheﬁological activity and the structure-activity relationships.
These relationships indicate that the amino acid L-Cy is very important in biological activity

as are positions 1, 2, 3, and 11 of the molecule (Wenger, 1985; Quesniaux, 1988).
\ o
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1.1.10 Cell Free Synthesis_of Cyclosporin -
- Another aspect of the production of cyclosporins that has alsé recently bun .
mvesngated is the cell-free enzymatic synthesis. Work i in this dxrectlon has been carried
out by Zocher et al. (1986) describing the partial purification of a multifunctionul cnzymc
' from a nitroso-guanidine-derived mutant of T. iﬁﬂatum DSM 915 (deposited as
Trichoderma polysporum ). An enzyme fraction with-an abparent molecular weight of 700
000 daltons was purified ﬁom T. inflatum (=T. niveurn) extracts. The results indicated
that this eniyrne was involved in the bi(;synthesis of the CycloUndecdpépti‘de. The evidence
comes from the finding that the enzyme catalyzed the activatioﬁ of amino acids present in
the in the peptide chain as thioesters via thé corresponding adenylates. The enzyme also
~catalyzed the N-methylation of thio-ésteriﬁed amino acids present in cyclosporin A. The
results indicated a sirnillarity té the N-methylation previously shown in cyclodepsipeptide
synthésis (Zocher et al. 1982; Peeters et al. 1983). Thé formation of the diketopiperazine
‘cyclo-(D-ala-Meleu) strongly resembles that of cyclo-(D;\r\‘,he-pro) in the synthesis of
grarhicidin S (Kurahashi, 1961). Significant amounts of the cyclo-(D-phe-pro) are
produced only when D-phe and L-pro are present as the substrate amino acids of
gramicidin S synthase (Otani, 1966). The inability of the enzyme to produce the entire
cyclic undecapeptide was unexplained but the reason might be cyclo-(D-ala-Meleu)
synthesis takes place as the non~enzyn&tic cyclizatibn of the enzyme-bound thio-esterified
digeptide. i
The work on purification of this enzyme continued and was described in the 1987
communication by Billich and Zocher (1987). Enzyme purification was carriéd out as

described in the 1986 paper and the resulting extract was found to synthesize the complete

cyclosporin A molecule. Why the enzyrie purified in the 1986 paper (Zoche;l:{ al.) did not
! '

o synthesize cyclosporin is unclear. The synthesis of particular cyclosporin classes could be

directed by the addition of the appropriate substrate amino acid. From these experiments it

.
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was clear that the enzyme exhibits different affinities for the exchangeable amino acids
‘( panicularly at Vp,osition 2). For\ exemple the incorporatdon of L-ala into position 2 resultingv
in cy¢10$'porin’ B is poor, wfﬁle _yclosporin G (formed by substituting L-nor) was .
obt:;iﬁed in quantities comparable to cyclosporin A (Billich and Zocher, 1987). These
findings were in agreement with Kobel and Traber's ﬁndings on directed synthesis (1982).
The aﬁthors suggested the production of specifically labelled éyclosporins with high
specific activity for pharmacokinetic studies and the prodtiction of cyclosporins in an

enzyme reactor as possible applications of this cell-free system.

1.1.11 Peptidé Antibiotics as Secondary Metabolites

The terrvn,'secondary' metabolites, has béen defined in several ways. All definitions
tend to have a number of properties in common: complex chemical composition, production
by involved, often lengthy pathways, relatively free of turn-over, difficult to integrate into
the intermediate, gen‘cral physiology of the produc;er, produced only in the idiophase, not
in the trophophase (nomenclature according to Bu'Lock er al. 1965), and are unnecessary
for the growth of ,the. producing organism (Campbell, 1984). Many of the p‘eptide
antibiotics are claséiﬁed as secondary metabolites because the enzymes nece-ssary for their
production are repressed during growth and derepressed during the transitioﬁ'frbm
trophophase to idiophase. These peptide antibiotics, which include alamethicin, bacitracin,
enniatin, edeine, linear gramicidin, gramicidin S, polymyxin, tyrocidin, and cyclosporin,
- are all polypeptides which are produced by nonribosomal peptide bond formétion. The
enzymes which carry this out in each particular praducing organism are generally
' cons‘ide‘red to be multifunctional enzymes (Kleinkauf and von Dohren, 1983). A number
of general func»tions zlire‘ observed forﬁll these multifunctional eniyme systems. The first
of thesé commbn functions is the arrgnoacid activation and enzyme aminoacylation (these

two functions have ‘been uncoupied for Gramicidin S synthases 1 and 2). The second
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general function involves thre racemization of the amino acids. This process is poorly
understood, however there is evidence of D-amino acids being activated when the L-form
is required in the final product. This is indicative of a certain nonspecificity in the
activatiorfprocess. The third general function in the process of nonnbosomal polypeptide
fonnatlon is the actual peptide formation. The peptide bonds are formed in initiation,
elongaUOn, and termination reactions (Kleinkauf and von Dohren, 1983).

The general principle in elongation is "head growth" (Lipmann, 1968) where the
activated caibbxyl group of a donor amino acid or peptide reacts with the uminb group of’
an enzyme-bound acceptor amino acid. The central role in elongation reactions is attributed
" to the cofactor 4‘-phbsphopantetheine which serves a transport function in many systems

involving activated carbO);yl groups. The 4'-phosphopantetheine cofactor is covalently
attached to the enzyme compléx. A model for elongétion of the growing pcptid»e.'s‘ has Bccn
proposed which shows the long cofactor swinging around the enzyme complex with the
growing peptide chain bound By a termihal sulfhydryl of the bhosphopantethcinc. As the
cofactor m{oves to the next enzyme-bound activated amino acid that amino acid is bound to
the precedigg amino acid in the chain resulting in chain elongation (Figure 2). This system
of nonribosomal peptide bond formation has béen given many names including a protein
template mechanism (Lip;nann, 1971), a thiotemplate mechanism (Laland and Zimmer,
1973),dnd a multlenzyme thiotemplate mechanism (Kurahasm 1981).
The general chemical propemcs of the peptide antibiotics are all quite similar. Many
of them are cationic surfactants (Gramicidin S, tyrocidins, and polymyxins), cation binders
(bacitracins) or neutral surfaétants (linear gramicidins), and their biochemical properties are
related to their chemical properties. Most of the these p‘eptide antibiotics are
membrane-active: several form chahnels or ransport cations (linear gramicidin, Graﬁicidin
S, and bacitracins),’scvc'ral are enzyme inhibitors (Gramicidin S and bacitracins),’ and

some affect DNA-binding (tyrocidins). These chemical or ‘biochemical properties are
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‘igure 2

Strpcturé of 4'I-Phosphoparitethein¢ and a Model Showing the Operation
of the Enzyme-Bound Cofactor ’

This figure deanstfhtes amodel for the elongation of the peptide chain in
non-ribosomal peptide synthesis. The enzyme activated amino acids are
bound to the enzyme complex at sulfhydryl groups. As the cofactor
swings by these activated amino acids they bind to the sulfhydryl of the
cofactor and become bound to the amino acid which. was previous-ly

‘bound to the cofactor. Through this mechanism the peptide elongates to

completion. eg. S-24233,a,3,
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shared by a large number but not all peptide zmtibiotics (Kleinkauf and vohb Dohren, 1983).

' Cyclosporin appears to be one of these peptide antlblotxcs From the work of
Dreyfuss et al. (1976) cyclosporms appear to be produced as secondary metabolites, in that
their productlon becomes readily apparent after trophophase has ended. The work of

Zocher er al . (1986) and Btlhch and Zocher (1987) gave preliminary results indicating that

the cyclosporm 'synthase" is a multifunctional enzyme similar to that desmbed for enniatin

- synthesis by Zocher er al. (1982, 1983) as well as the peptide antxblotlcs described ttbow
At present the*detailed biochemistIy and enzymology of cyclosporin synthesis is at present
not described as well as for other peptide antibiotics such as enniatin (Zocher er al. 1982; i
Zocher et al. 1983) beauvencm (Peeters er al. 1983) or Gramrudm S (Laland and Zimmer,
1973; Fryshov e al. 1978). ®

2 Olbject-i'\;es
From the literature review it is evident that po single protoeol has been established
for the production of cyclosporm from T mﬂatum Inmally this prOJect was concetvcd as
collaboration with a group in t_he Department of Chemistry at the University of Alb_erm who
- were unablé to reproduce litergture values of cyclosporin production using the methodology
of Kobel and Traber (1982) and T. inflatum: NRRL 8044 (=T: ‘niveun). The assistance of
our laboratory was requested because of a familiarity with techniques of fun gal c.ulture and
metabolite isolation. |
Prehmmary experiments by other workers in this laboratory confirmed the results
of the group in the Chemistry Department that cyclosporm production was inconsistent.
This thesis tOplC was assigned as a systematic analysis of all aspects of the methodolog,y
involved in cyclosporin productton This included the following ob)ect]ves

1.2.1 Screening a number of T. niveumn isolates, using previously established
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the best organism for cyclosporin production:
1.2.2- Analysis of the methodology for cyclosporin quantitation, -including
extraction and the methods for cyclosporin determination. ”
‘ 1.23 Sur\)ey of the medium components to select the most productive with the
chosen strain. ‘ |

1.2.4 If, and when, these parameters had been determined, to attempt to scale up

>

ffom shake flasks to laboratory scale stirred tank or airlift fermenters.

1.2.1 Screening for Cyclosporm Producmg Strains of T. niveum
The organism Wthh had been obtamed from the Northern Regional Reasearch
: Labroratory T. inflanim NRRL 8044 ( T. mveum) previously produced only low levels of
' eyclosporm (10-20 mg/L)-in this laboratory using pubhshed methods, medlum composmon

and growth condmogs of Foster et al (1983). Therefore a number of T. niveum strains
: ~

\
. were collected to Be screened to determine if hxgher cyclospon&;levels were produced than
- the wrdely used NRRL 8044 stram. Ten strains of T. niveurn and one strain of
C_ylindrolcarpon lucidum were _obfait_red from the University of 'Alberta Microfungus

Herbarium (UAMH) and compared to the T. inflatum (=T. niveum) NRRL 8044 strain. :

v

The strains oroducing the greatest q\janr‘iuti‘es of cyclosporin would be selected and used

for further v;/ork.

>

1.2.2 Development of Methods %; -

: A\ A number of merhods used for the growth of T niveum and tire ﬁanalys1s of

x& cyel_osponn have been used.~ A methodology which produces re?rod’gglble levels of
cyclosporin content must be found. Vanables in growth -includin J;he 1nocu1urn source
and gge; in analySIS such as extractlon procedures and sol\’;e.n‘t"s ‘and methods of

cyclosponn determination must be standardlzed to minimize any_,'expenmemal vanability.

.
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1.23 Medium Development |

Once strains which produce the high levels of eyclosporin have been t'eund.- the
objective of this research is to optimize the production of cyclosporin to the highest lgvels
p0551ble The simplest method to optlmlze production is by altering the growth conditions
of the fermentation such as 1noculum size and age, fermentation time, medlumﬂl
composition, spore source, temperature, in fact almost any variable“the orgzmism is
subjected to can be altered in an organized manner to find the conditions best suited to
cycl,osporirr production. This study was carried out in batch shake-flask culture and
consumed the greatest amount of effort. Once the opdmrxm conditions for production were
established, yielding consistent and reproducible results, and a thh curve det‘ming‘ the
parameters of the fermentation was found, then further work involving scale-up carried out
and the possibility of mutagenesis entertained.

k\

1.2.4  Scale Up ‘of Cyclosporin Production

The work in scale-up of the fermen_tatior; involved moving from shake flask culture
to one of the fermenter designs available: IOL'stirred_tank Microfermm, 1L external loop
airlift , and 2L draught-tube airlift fermenters. These designs were used ‘not ohly o
determine if cyclosporin was produced, but which fungal morphnlogy produced the highest
cyclosporin levels. Once the most effective design had been determined, a growth curve
simrlar to that deterrnined for shake ﬂask culture was established. The result of this
research was a consistent, repredtrcible protocol for both shake ﬂesk and fermenter

production of cyclosporin.



~ Chapter 2: Methods and Materia:

2.1 . Mierobiological
_ Nine strains uf Tolypocladium niveum and one strain of C ylindrocarpbn lucidum
were obtained from UAMH.. The T: niveumn strains included: UAMH 2472, UAMH
‘2880, UAMH 4002, UAMH 4553, UAMH | 4594, UAMH 4740, UAMH 4828,
UAMH4900, UAMH 4901 and C. lucidum UAMH 4898 (see Table 3). | The T. inflatum
'NRRL 8044 was obtain ' from the Northern Re'gioual Research.Laborutery Peoria 1L,
' US.A. courtesy of Dr. J.C, Vederas Deparmem of Chemistry, Univers:ty of Alberta /
The freeze dried prepa{auons were reconstltuted with dlSIlllCd water and grown on.
2% malt extract-0.4% yeast ext}act agar plates at 27°C. All UAMH strains were recelved
on-agar plates then subcultured on cereal agar slants The stock slants were kept at 20°C
and routinely subcultured every two years. Working cultures were kept on malt-yeast
extract agar and stored at 4°C unul used Agar plates were used for working cultures until
glycerol spore stocks‘of the five highest cyclosporin producing strains were prepared by
spreading malt-yeast agar-plates‘yvith spores from the original plates received from UAMH.
These plates were grown at"27°C to confluent sporulation. The plates were then scraped
and the spores suspencled in sterile 20% _glycerol to give 108 spores/mL. The glycerol
suspension was then placed in sterile Nunc™ tubes (1mL:_ .glycerol suspensior. per tube),
fro’zen to -v‘;/5°C and maintained at this temperature. The’b glycerol suspensions were
quantitated by plating dilutious‘of the suepensions on malt extract-yeast extract plates and

counting the resulting singler spore colonies. -

2.2 Growth in Submerged Culture

- Fungal spores were inoculated into a preculture composed of one of several media

inclnding 1% malt extract-0.4% yeast extract medium; Foster's medium: 1.6% glucose,

28



29

TABLE 3 UAMH Strains of Tolypocladium niveum (Rostrup) Bissett (syn.T. inflatum)

2472
2880

4002

4553

4594

4740

4828
4900

4901

water sample, Whitehorse; J.W. Carmichael, 15-05-65.

soil under Pinus contort;z, C horizon, Kananaskis, Alta.,P. Widden, 11-67/G.C.
Bhatt alpha 77 (=DAOM 167132) cyclosporin A. |

muskeg soil, Tuktoyatuk, N.W.T. S. Davies (H-46-F), 1976 /S. Davies 46
utilization of aliphatic hydrocarbons. Davies and Westlake, Can. J. Microb.
25:146-156, 1979. |

soil, Hardanger Vidda, Norway, J. Hahscn, 1974 /B. Foster (=NRRL
8044=ATCC 34921= CMI 1873767=UAMH 4740) |

cyclosporiP A&Cin submerged culture. Dreyfuss et al., Eur. J. Appl. Microbiél.
3:125-133, 1976.

(N) washed organic particle, alpine meadow, 2530 m, Mt.-Allen, K/a_r_l-anilskis,

Al J. Bissett, 07-05-69/M. Goettel (=DAOM 167322=ATCC 42437)

soil, Hardanger Vidda, Norway, J. Hansen, 1974/]J. Vederas (=ATCC
34921=NRRL 8044=CMI 187376?=UAMH 4553)

cyclosporins A, B, C, D, E. Helv. Chim. Acta 59:1075-1092. 1976 & ibid.
60:1568-1578, 1977 | |

(T Tolypocladiu(r; inflatum) humus alpine soil, Obergurge Oetztal, Austria, W.
Gams, 1959/B. Foster (<DAOM 64352:(:135824.70_) |

mite surface Mycgbates sp-, Frobisher Bay,}Bafﬁn Island, V. Behan (C), 1976/B.

"Foster (=DAOM 160594) - — ' 4

— 4

. TN .
humified-erganic material under-spfuce-fir forest, Luscar Alta., S. Visser, 08-76/B.

- Foster (=DAOM 167175)

from University of Alberta Microfungus Herbarium catalogue, 1987

1

'

3
7

-
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1.0% casamino acids, 0.5% NziNOl, 0.5% NaCl, 0.25% KH,PO,, 0.05% MgSO,7 H,0
(Foster et al. 1983) or Agathos' medium: 2.0% sorbose, 1.0% vitamin assay casamino
acids, 1.0% KH,POy, and 0.5% KCI, (Agathos er él. 1986; =SVA medium). The

precultures were incubated on a gyrotary shaker (200 r.p.m.) at 27°C for 72-180 h. The
precultures were homogenized for\10 s at full speed in a Sorvall Omnimixer and inoculated
into production medium. /,:‘Fhe inoculum size (1-10%) and age were dependent on the
experiment. The comp’c_)s/ition of the production medium also varied as described in the
results section and was usually derived from either Foster's medium or Agathos' medium
(see above). Production cultures were incubated for. 15 d(ays,'unless otherwise indicated,
at 27°C on a gyrotary shaker (200 r.p.m.). The production cultures were homogenized for
10 s at full speed in a Sorvall Omnimixer, made up to original volume with distilled water
(where indicated) and samples were analyzed for cyclosporin content, pH and biomass. In
the case of cyclosporin production in fermenters the precultures were prepared as described
- but the inoculation was made into the fermenter vessel.
2.3 Extraction of Cyclosporins from Culture Homogenates

The cyclosporins were extracted from the cultures by the following‘method. Equal
volumes of culture and ethyl‘acetate were added to a 65 mL medicine bottle. The
SﬁspenSion Was placed on a'reciprocal shaker and shaken o?emight eminimum time is 12
~h). The resulting suspension was centrifuged at low speed to break up the emulsion and
the organic phase collected. The organic phase was dried with anhydreus sodium sulfate
and a 1 mL aliquot taken for analysis. This aliquot was taken to dryness with forced air,

taken up in HPLC grade acetonitzile, and analyzed for cyclosporin content by HPLC. ,
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2.3.1  Comparison of Extraction Methods N
The choice of exﬁaction method was made after comparison with other methods -
and solvents. Ethyl acetate (Foster er al. 1983) and butyl acetate (Agathos et al. 1986) had
béen used to extract cyclosporins as had methanol (Kobel and Traber, 1982). Comparison
of ethyl and butyl acetate extractions using equal volumes of solvent and culture showed nb
difference in extraction efficiency. Because the cost of ethyl acetate is Jjust over one-half
that of butyl acetate. ethyl acetate was chosen. /Latcr experiments compared the
.cyclosporins extracted with equal volumes of ethyl acetate and culture (overnight) to 9:1
extractions with methanol:culture. Methanol extractions gave less consistent vcyclosporin

values and more complex HPLC pxloﬁlcs, therefore ethyl acetate extraction of cyclosporins

was continued.

2.4 High Performance Liquid Chromatographic Analysis for Cyclosporins
The primary method of qﬁantitaring cyclosporins produced by the fungus was by
HPLC,_analysis. The'separation and quantitation of cyclosporins were carried out using a
Waters system: a model 501 HPLC pump, U6K Universal injector, a TCM (temperature
control module) .and Oven, and a model 441 Absorbance Detector (equipped with
- zinc/cadmium lamp .and appropriate 2-14 nm frifs and ﬁiters), coupled with a Hewlett
Packard 3392A Integrator. Separation was performed on a reverse phase Brownlee RP-8
analydcal column with a'n‘RP-8 NewGuard column. The system was run isocrutiéully with
a flow rate of 2.0 ml/min:, oven temperature 72°C, mobile phase acetonitrile: methanol:
~ water (47:20:33). Injections of a constant 10 pL.volume were made with a Hamilton
- (Waters ~802 RN 25 pL) syringe using appropriate dilutions. As th’e numl;er of injections
increased, the resolving power of the column decreased resulting in shorter elution times.
To remedy this, the columns weré regenerated by periodically flushing with 300 mL

HPLC grade water followed by 300 mL HPLC grade methanol. However when
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' regeneration proved unsuccessful, the co}umn was replaéed (200—250 h or 500 injections).

A calibration curve was constructed (Figure 3) and the slope was determined to be

0.166 ug cyc105pori1'n/106 érea units. Cyclosporin A standards were run each day to ensure
the peak area determined fell on the standard lCurve_. Mulitiple ’injectior‘ls were carried out
until duplicates with the less than 10% difference between the total peak areas were
obtained. U_nléss specified, cyclosporin production represents the total cyclosporin

produced (Cyclosporin A+B+C). A typical chromzitogram is shown in Figure 4.

2.5 Bioassays for Cyclosporin Activity | 7
. Cyclosporin had been shown t(fhave an inhibitory effect on A. niger. (Dreyfuss et
al. 1976). Two methods were devised to utilize this sensitivity in a bioassay. The first
method involved removing plugs of agar and mycelium (diameter=5 mm, depth=7-8mm)
from sporulating plates of T. niveum. These plugs were placed on a fresh malt-yeast
extract plate and incubated 24 h at room temperature. Standards were prepared by adding
standard amounts cyclosporin A in acetonitrile drspwise to the agar plugs and
preincubating. After this preincubation the plates were seeded with spores of A. niger.
Seeding was done by placing a plate of confluently spOrulating A. niger directly over the
test plate. The A. niger plate was then lightly tapped to knock the A. niger conidia free
which grew as a lawn except in the regions of 1nh1b1t10n The dlameters of the zone of
growth 1nh1bmon and zones of 1nh1b1ted sporulaktxon were recorded.
The second method involved placing filteg circles (1 25cm dlameter) on rgrﬁlt -yeast

extract agar plates. Ethyl acetate extracts culture samples or cyclosporin A standards

in acetonitrile were placed on these filter disks, preincubated for 24 h at room temperature
to allow diffusion of the cyclosporin, then seeded with A. niger spores and incubated as
described in the first method. The diameter of the zones of inhibited growth and

sporulation of A. niger were measureg.

’
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Figure 3

‘Calibration Curve of Cyclosporin Absorbance

/

/
Genuine Cyclosporin A was dissolyéd ih HPLC grade acetonitrile. This
stock solution was further diluted to give 0-1.0 pg of cyclosporin in a 10
uL injection. Duplicate injections into the HPLC system were made with
each of the standard solutions. The aborbance at 214 nm was recorded by
an integrator and the peak area Gf the Cyclosporin A absorbance was
plotted against the quantity of injebt@d compound.
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Figure 4

Typical 'Chromatogram from HPLC Analysis of T. niveurn Metabolites

A homogenate from an airlift fermenter was extracted with ethyl acetate
and one mL of the organic phase was dried with forced air then the
residue redissolved in 500 pL of HPLC grade acetonitrile. 10 L of this
solution was injected into the HPLC under the standard isocratic -
conditions and the resulting chromatogram is shown. - '

RT (min) Compound
3.59 : Cyclosporin C -
4.02 Cyclosporin B ' '

4.90 Cyclosporin A
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2.6 Analytical Methods | ' ) ' *
Measurments of pH were carried out using a Fisher Accumet model 230 pH/Ion
meter and Fisher (Ingold) combination probe calibrated to pH 4.0. Mycehal dry weight
determinations were made by filtering 10 mL of culture homogenate through Millipore HA
| filter paper (0.45 u.m) The filter papers were ;heh dried overﬁig‘ht‘(minimvum of 12 h) at
70°C and weighed. | S o P
S‘amplcs were centrifuged (3000 x g, 10 min) prior .to sorbose and ariﬁno acid
determinations and the supernatant was analyzed. Sorpose content was determined by a
.cysteine-sulfuric acid methoc “=scribed by Dische ('196'2). Supernatant samples (0.4 mL)
containing 50-500 mg sofbose were mixed with 0.1 mlz 20% L-cysteine hydroéhloﬁdc
monohydrate and 5 mL of 75% (v/v) sulfuric acid. The mixture was left at room
temperature for 4 hours and the absorbance at 412 nm read. Amino acid coﬁtent <.)f the
culture supématantlwas determined by the fluorodinitrobenzene assay for frc;: amino
’ groups' (Lowry, 1‘966). Samplcsrcdnta'ining 0-40 ug of vitamin assay casamino acids in 20.
uL of 1% KZB 407 were mixed with 2 pL of FDNB rcagcnt (130 uL of

dlmtroﬂuorobenzene in 10 mL of 100% cthanol) and heated at 60°C for 30 mm Thc
mixture was‘ acldlﬁcd w1tk;%';ﬁp HL of 2N HCl and the absorbance read at 420 nm.

2.6.1 Px;oducti(;ﬁ “bf"Reldiolabelled Cyclosporin
TWo feeding regime;were used to_pro&?!cc 14C-labelled cyclosporin, both of which
involved adding 2.0 uCi of #C-methyl-methionine to 7. niveum cultures. Prccult'urc_s :
using 2% sorbose-1% casamino acid medium were inoculated with 108 spores of T.
niveun UAMH 2472, incubated 165 h, home  7ed and 10 mL of preculture was used to
ihoculatc each production flask. Five produ. . tlasks (2% sorbose-1% vitamin assay
caszimino acid medium) were inoculated in eack series. In the first method, 2.0 KCi of the

labelled methionine were added to each of the five flasks at 72 h. The second method

My
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‘ involved adding 0.33 pCi of the labelled methionine at 72, 149 , and 240 h One flask
from each set was éampled daily to determine uptaqke into the c‘ells by measuring the
radioactivity rémain'ing in the supernatant. This was done by taking 2.0 mL of the culture,
filtering this through a Millipore HA filter (0.45 um), and taking three 0.2 mL sarnples"of

the filtrate. These triplicate samples were counted by liquid scintillation and averaged.

‘ 2.6;2 Liquid Scintillation Counting Methods
Radioactivity in sample .supcmatants was determined by liquid scintillation
counting. Two mL of the appropriaté culture we;gﬁltered and triplicate 0.2 mL aliquots of
the supernatant were mixed with 10 mL of Aqueous Counting Solution (ACS) and counted
using'a Beckman L.S3801 liquid scintﬁllétion counter (program 2: general 14C samples).
The ﬁnal pooled samples were counted by adding 0.2 mL of the acetonitrile solution to 16
mL ACS then cbunting as above. Mycelial radioactivity was obtained by deterrnihing the -
dry weight of a sar:nggjmd aciding a known mass of dried mycelia to a counting vial. Ten
‘mL of ACS was added and the dxficd mycelia aliowed to séttle to the bottom of the vial (to -
give }27:' geometry for counting) and was counted as above. I |
’ 1>
2.6.3 Identification ‘of Cyclosporins by Mass Spectrometry and HPLC
Elution »
Standards 'of cyclosporin A and D were %gipdly provided b}'l’ Sandoz Ltd. Mont':eal
P.Q. courtesy of Dr. GF Murphy.: '];ﬁese were used to identify cyclosporins in HPLC |
analysis by cdmbarison of elu;iOn timez. Cyclosporins B and C had been r orted as
Abeingx commonly produced in Tolypocladium s;;. -cultures and A'in‘deed twg peaks were
bbécwéd in the culture extracts which could be cyclosporin B an%E on& = basis of order
of elution but positive identification of élute‘d peaks could not be made as no standards of

cyclosporins B or C were available.



39

In an effor; to preduce nuine cyclosporin B and C, five strains of T. nivewn,
UAMH 2472, 288b 4002 4594, and 4828 were preculfured from sporulating plates then
1 mL of preculture was inoculated into each of twenty ﬂasks for each strain. These flasks
were mcubated 15 days, pooled and concentrated. The concentrates were extracted
overnight twice with ethyl acetate then the extracts were pooled and dried with forced air.

. The crude cyclosporins were taken up in chlo'roforxn and run through a silica Gel 60
chromatogréphy column and eluted in a chloroform:methanol gradient (Dreyfues etal.
1976). On the basis of HPLC analysis of the individual fractfons, those fractions
containing cyclosporin were pooled. ‘Two fractons, one containing cycld&gerin A alone
and the other containing presumably cyclosporins B and C were collected and the latter
was then run on a Sephadex LH-20 column but no further separation of the two
components could be achieved. Therefore the two sarnples were dned and submmeci to the

| Department of Chemistry for mass spectrometnc analy51s.

| i

-27 Fermen;er Designs .

Three designs of fermenter were used. The majonty of work was camed out using

. acentral draught- tube airlift des1gn This LH model 520 fermenter (2L operating volume,
height/diameter ratio=5.5, sparge nng) with a central draught -tube (5.5 cm dxdmeter x 36.5

. cm) was equipped with air, temperature and foammg control Cultures were-incubated at

27°C and sparged with enough air to circulate the mycelium.. A number of experiments
were carried out in an externali loop airlift fermenter ((hei ght/diameter ratio=10, operatin‘g:.
volume 1L, sintered ‘giass sparger). The a1r supply for both was prescrubbed with glass
wool and calcium chloride then passed through fwo sterile 0.2 pm filters. The third design
was a New Brunswick Microferm stirred tank fermenter with temperature and air control.
-

The fermenter had a height/diameter ratio of 2 and an operating volume of 10L. Aeration

was set at 3L/min, the temperature maintained at 27°C, and agitation set at 200 rpm.
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-2.8 Immobilization of T. niveum ‘
| Precultures (45 h) of T. niveum’ were homogenized ifi'a Sorvall Omnimixer at full
- '~r$peed for "10 S/ ‘The nomogenate wasimmobiliied in 1.5% w-carrageen (NJAL 798,
}Manne Collo}nds DlVlSlOﬂ FMC Corporauon Inc., Rockland, Maine) as previously
described by Tosa (1979) Equal volumes of homogenized culture and stenle 3% (w/v)
aqueous k-carrageenan were mixed and extruded dropwise ,frorn a sterile 50 mL syringe

ﬁtted with a 20 -gauge needle mto 200 volumes of sterile hardening solution (0.3M KCl,

0. 01 M CaClz) at 4°C. The resultant beads (2 4 mm dlameter) were gently stirred for 1 h

and washed by decantmg with 2L of sterile dlsulled water. )

Immobilization of spores in 2% algmate (calc1urn algmate BDH Chemicals,
Toronto Ont.) was carned out as descrlbed by Deshpande (1987) T niveum UAMH
2472 spores (6.5 x-108) frorn glycerol spone stocks were added to warm sterile 2% (w/v)

: alginete (50 mL). This mixtnre was extruded (as above) into 20 volumes of sterile gelling

A

solu'ﬁ?m (2% CaCl,) at 24ﬁ°C, the resultant beads (2-3 mm diameter) gently stirred for 40
min., then washed with 1M NaCl. ’ e
29 Meth6d7s of Sorbose égterjlization
Three methods of sorbose " stenllzatxon were utxl.lzed The first was in situ
stenhzanonwhereby the sorbose was autoclaved wuh Lhe other medium components for
15min. The second ‘method was separate autoelavmg of the sorbose. This method
1nvolved autoclavmé a 20% solution of sorbose of 15min. then adding the'sorbose to the
other autoclaved mediurh components 'I:he third method was filter sterilization of i “e
sorbose. A 20% sorbose solution was passed through a Millex GS filter (0.22 pm pore

\J
(3‘
s;ze) and the ﬁltrate was added to. «the remaining autoclaved medium components.




210 Statistical Analysis :

Data were subjected to stamstxcal analy51s by Duncan's Muluplc Range test usmg an

APL function with a MacIntosh computcr All tests were carried owt at thc 95 % conﬁdcncc
level. - ‘ . *

N | |
2 47 Themicals =~ . ;

k-Carrageerian was a giff from FMC Marine Colioids ISivision under the name
Gelcaﬁn CIC 789. L(-)-Sorbosc' D-glucose, cholim: chlc')ridc betainc L-carnitine, and

N,N-dimethylglycine werc frorn Sigma. Casatmno ac1ds vxtam:’m assay casammo auds '

Bacto Casitone, Bacto PCptonc and Tryptone were from leco The
1"'C -methyl- mcthlomne was from Amersham Corp and was kmdly supphcd by Dr. P.M.

Fedorak. All morgamc chermcals used v were of analythal gradc cxccpt those used for

HPLC analy®es which were of HPLC gradc



Chapter 3: Results
3.1 Initial | Comparison of Tolypocladium and Cylindrocarpon Isolates for
Cyclesporin Production
~ Nme T. niveumn 1solatcs were obtamed from UAMH and repeated experiments

were camcd out to determme the highest cyclosporin-producing strains. Cylmdrocarpon

| ‘:_Iuczdum was also screened in later experiments as it had been described as producmg

cyclosporin on solid medium (UAMH catalogue). Theée growth experiments included as a
control the T. inflatum NRRL 8044 strain (=T. niveum), which had been shown to
produce only low levels of cyclosporin in this lab. The results from these screenings are
sxdnmafized in Table 4. The final ranking of each strain is an average of the individual

expenment s ranking. From these three expenments it was obv1ous that there couldbea -

,number of vanables affecting the results. A large degree of thlS variability was due to the

- differences in the methods and sampling in each of these expenments. The first

experiment involved growth of the fungus in duplicate flasks. sampled after 15 days
incubation, the second involved triplicate flasks of each strain (yvhich normally only
showed agreement for the low producing strains) sampled after 10 and 15 days incubation,

the third expenment involved mphcate fiasks of each stram with one of the three flasks
sampled each day (ie. day 1, 2472 A; day 2, 2472 B; etc.). There was considerable
variation betweeh the three flasks of a particular strain. The literature had shown that 10-15
days incabation were required to exhibit the maximum. cyclosporin levels (Dreyfuss et al.
1976: Agathos et al. !1986). By comparidg the rankings within each screening it was
possible to determine which strains produced the highest levels of cyclospo'rin on
glucose-casamino acids medium. From these rankings, and the time course data from the
third expeﬁment, five struins of T. niveurn were chosen for further work: UAMH 2472,

2880, ‘4002, 4594, .and 4828 . These strains were preserved as 20% glycerol spore stocks
kept at -75°Cto reduce inoculual variability. It should be noted that in the first experiment,

42
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Table 4 - Cyclosporin Production by Tolypocladium and Cylindrocarpon. strains

FUNGUS « cy‘ﬁosponn Production after 15 days (mg/L)

* (RelativeRank) Final
%xnt 1 Expt. 2 Expt. 3 Ranking

T. nivewn UAMH2472 125 () . 75 @) 2
T. nivewn UAMH2880 25 (10) 98 (4) 6 © 8
T. niveum UAMH 4002 54 (5) 215 (1) 1275 (1) 1
T niveum UAMH4SS3 81, (@) 52 (6) 15 (7) 5
T. hiveum UAMH 4594 126 (1) 58 (5) 25 (4) 4
T. niveurn UAMH 4740 37  (7) 10 (10) 9 (8) 6
T. niveurn UAMH 4828 91 (3) 101 (3) 43 (3) 3
T. nivewm UAMH 4900 6 (12) 23 (8) 18  (6) 9
T. niveurn UAMH 4901 30 (8)‘ 37 (D) 22 (5 7
T. inflatum clone 1l 30 (9) 4(11) 5 (11 11
T. inflatum clone Il 44 (6) 14 (9) 5 (10) 10
7. inflatum. clone IV 25 (1) - R—— 12
C. lucidum UAMH 4898 e.: 0(12) 0 (12) 13

R»}‘ P'- .
a=Oone ﬂask over 300 mg/L was not included in average
b= day 14 sample

‘ Spores washed from sporulating plates of each strain were 1nocula£ed into 25 mL of 1.6% glucose
medium (1% casamino acids, 0.5% KH,POy4, 0. 5% NaNO3, 0.5% NaCl, 0.5% MgSOQ4 and trace elements)
in 125 mL flasks. These precultures were incubated 7 days, then 10 mL of precuiture was inoculated into
duplicate (Expt. 1 or triplicate (Expt. 2 & 3) flasks comammg 90 mL of medium, Thcsc producuon
cultures were incubated 15 days then samples were withdrawn for analysis.
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the T. niveum strains produced a brown to purple pigment which was not observed in

)
A
Sl A

other screenings nor in subsequent work. . - ;

Later experiments using all five of these strains sl{how,e'd no signiﬁcant differég;cs
in the relative amount of cyclosporin produced _("I‘.,able 7: Table® 8f“and Table 15). Therefore
in the expcﬁmcnts that follow, a decision was made arbitrarily to use the strain UAMH .
2472. However, in some:; fcrmcntqr éxpcr’m;cnts where only one strain was used for the
experiment, T. niveun UAMH 4594 was used. - At this point Dr. Alan Jonés (Alberta
Research Council) chose to work on T niveurn UAMH 2880 for his parallel experiments
into mineral reéuirements of cyclosporin fcrmentatigns.

To determine if data fromn the two strains of T. niveum could be exchanged,

several experiments compared the cyclosporin productibn of UAMH strains 2472 and

2880. To confirm that UAMH 2472 was the strain of choice under the conditions used, an

4

experiment was carried out with five flasks of each strain (108 spores) and ﬁve ﬂasks of

»\, “

UAMH 2880 (109 spores). The results conclusively showcd that UAMH 2472 was a
higher producer of cyclosponn under the conditions of the experiment. ThlS was
supported by Duncan s Multiple Range analysis of the data. |

A further experiment comparing these two strains was done using equivalent spore

1

inc;cufa (108 spores)‘ on three concentrations of sorbose, 0%, 2%, and 4% with the vitamin
assay casainino acids medium (sinée Dr. Jones used a different sorbose concentration
.(4%) than this lab (2%) and technical casamino acids as the nitrogen sourcé). The results
demohstratcd for both 2% and 4% sorbose UAMH 247;'2 produc ! higher levels of
cyclosporm with an mmal moculum of 108 spores. Addmonally a higher spore moculurn
109 spores, did not yield higher cyclosporm production. These results (see Table 10) and
their statistical analysis indicate that the UAMH 2472 strain seems best suited for these
investigatiohs into the, production of cyclosporin by T. niveun and was used throughouf

most of the following c;cpcrimen‘ts;
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3.2 Confirmation of T. niveum Metabolites as Cyclosggrins

3.2.1 Mass Spectroscopic Analysis of T. niveum Metabohtes
While standards of cyclosporin A and D had bcen kmd‘ provided by Sandoz the
positive identification of two major classes of cyclosporins could not be mf;de as there were
no standards of these cyclosporins available. To resolve this, the fouéwing experiment |
was carncd out to produce sufficient quantities of cyclosponns for mass spectrometry to
estabhsh the identity of two of the major peaks of a typlcal HPLC proﬁle Twcnty flas@5>
 of each of the five highest cyclosporm producm g strains were grown and cxtractcd These -
extracts were separatcd by silica Gel 60 chromatography. Cyclosporins A 3B, and C were
eluted in the 99.5:0.5 fractions (chloroform:methanol gradient). A clean cyclosporin A
peak was eluted in the 96:4 ffaction Subsequent chromatography using LH 20 failed to
separate cyclosporm B and C. Thc results of mass spectrometric analysis (Wthh included

' 4,~4 )

AMiining clean cyclosponn

genume cyclosporm A as a control) indicated that the fraction &
A had the same molecular weight, 1203 daltons, and the same ion fractionation pattern as
the authentic cyclosporin A, 1202.6 daltons, and was therfore confirmed as cyclosporin A,
- The sample with the presumed cyclosporins A, B, and C showed three peaks at 1203,
11‘89, and 1219 daltons (Figure 5). These corresponded to cyclosporin A (1202.6),
cyclosporin B or E (1188;6), and cyclosporin C (1218.6) respectively. A smaller peak
was observed at 1175 daltons which was thought to be demethylated cyclosporin B or E.

- On the basis of order of HPLC elution it was determined tha: the peak at 1189 daltons

could not be cyclosporin E és its position 11 L-\‘/aline is not methylafcd making the
molecule less hydrophoblc than cyclosporin C and. the cyclosporin B/E peak was eluted
after the cyclosporm C (mdlcanng its more hydrophoblc nature). Also cyclosponn E has
not been observed in any significant quantities in cultures. This evidence strongly suggcsts
that the peaks observed in the HPLC analysis were cyclosporins A, B, and C. |

Once it had been established that the T. nivewn extracts comaincd metabolites with

a



Figure §

Mass Spectrometric Analysis of T. niveurn Metabolites

A large volume of culture homogenate was extracted with ethyl acetate in
several lots and the organic phases were collected. This pool%d product
was separated by silica gel 60 column chromatography with a
chloroform:methanol gradient (Dreyfuss er al. 1976). A fraction
containing cyclosporins A, B, and C was driéd and submitted to the
Department of Chemistry for mass spectrometric analysis.

Peak Molecular Weight (daltons) ‘CQIIlD.QLLTlSi

1189 Cyclosporin B
1203 Cyclosporin A
1219 Cyclosporin C
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Figure 5§ Mass Spectrometric Analysis of T. niveun Metabolites

A large volume of culture homogenate was extracted with ethyl acetate in
“several lots and the organic phases were collected. This pooled product
was separated by silica gel 60 column chromatography with a
chloroform:methanol gradient (Dreyfuss er al. 1976). A fraction
containing cyclosporins A, B, and (.ng‘,p;vs;as dried and submitted to the
Department of Chémistry for mass specﬁ%mctric analysis.

1189 Cyclosporin B
1203 Cyclosporin A

1219 Cyclosporin C
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the same chem1cal nature as genuine cyclosporins, the biological activity of these

metabolites was examined. The method of detecting biological activity was in the form of a

bloassay which could hopefully also be used to quantltatc cyclosponn produced.

322 Biological Activity of T.. niveum Metabolites

A. niger sporulation has been shown to be inhibited in the presence of

cyclosporins, and this biological activity was exploited in a bioassay. Two types bioass'ays\

were devised which involved measuring the zones of infibited sporulation. One methiod

tested z:yclosporin production of T. niveurn and C. lucidum growing on solid agar while

the second method tested the cyclosporin content of ethyl acetate extracts from'

Tolypocladium and Cylindrocarpon submerged cultures.

Method one, the whole-cell agar plug method, showed little correlation between a

particular strain's activity'and its previous ability to p;roducc-cyclosporin. For the T.

“inflatum (=T. niveun) strains tested there was a larg'(e zone of inhibition (70 mm diameter)

and a high degree pf killing but several of these strains had been shown to produce only -

low levels of cycldspoﬁn.a Convcrsely high producers such as T. niveumn. QAMH 4594
showed s&:aller z&nes of inhibition (15-20 mm diameter) and no.k‘illing. It can be
‘suggested ﬁ'om these results ttlzztﬂx}ﬂfnbmon might be due to anothcr'factor produced by the
fungi, that thc mcubauon penod was insufficient for the complctc d1ffu51on of cyclosporin,

that the hxgh produc‘fmg strains only produce low lp& el§ 6f | -yclosponn on solid medium, or -

that the cyclosporm was still associated wnh ﬁhc mycchum and did not diffuse i into the agar

thcthod two deterrmned the cyclosporm content of ethyl acetate cxtracts from 15
Fir

day submcrged cultures to by 1nh1bmng A. niger sporulation or growth. The results

obtained from the bioassay were comparcd to HPLC analysis of the ethyl acetate extracts.
.

3

“"A calibration curve constructed from the cyclosporin A standards showed no 1nh1bmon

: unul 3ug cyclosporm A was placed on the disk. Samples from the five strains determined
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to be high producers of cyclosporin also caused the largest zones of inhibition. These
strains of T. niveurn (UAMH 2472, 2880, 4002, 4594, and 4828) had zones of inhibition
ranging frorh 17-30 mm. The cyclosporin values from the bioassay standard curve
correlated well with the HPLC analyses of these extracts for thelincar portion of the
standard curve. A xhinimum of 39 mg/L (by HPLC analysis) cyclosporin concentration
(3.9 ug cyclosporin on the filter disk) was required to show any mhlbm'on of A. niger
sporulation. Thxs correlated well with the minimum 3 Hg standard cyclosporin A which
caused inhibition in the standard curve and there was reasonable agreement bctweq,n
duplic - samples (:t15%). |

These results indicated that thevsecon_d bioassay method was superior to the first.
Thc rcsults of the former were comparabié to thdse from HPLC analysis as a measure of
the mctabohte producuon in submerged culture rather than on solid medlum A further

advantagc to the sccand method was that the standard curve was much more hneax: and the

LA

sample handhng was moré) g_gnyemch);: The problem with both of these methods involved

the reproducibility between samplesand the seeding of the A. niger lawn. Simply tapping’
down A. niger spores from a hpqrulating plate did not givé identical lawns of A. niger
growth on the test p% A better method of inoculating the test plates with A. niger must’
be devised. Ancﬁh?gr p@falem was the difficulty in handhng sporulatmg A. niger plates.

Thcsc sporcs amwery easﬂy spread and rcpresem a serious threat to laboratory sterility if
not handlcd propcrly The second method ha" the potential to be exploited as a simple,

reproducxble mcﬂlod for detecting relatlvely high lcvcls of cyclosporin (over 39 mg/L) in
| hcthyl acctate extracts of cultures .Howeverfor the uuual work mvolvmg low producing
" strains and cpmparanve work for medium and methodolo_gy development, HPLC analysis
was used. An improved bioassay would be very 1;'§eful fb@,}he screenin g of large nhmbcrs

of mutagenized clones of T. niveum for high levels of c}éibspoﬁn production.
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3.3 Inoculum De\;elopment e
One of the most Qaﬁable procedures in the reports of cyclosporin fermentations is
®the preculture preparation Wit,h which the production medium is inoculated. Preculturing is
necessary because of the need to generate biomass for the inoculation of the production
medium as cyclosplorin is, at least initially, intracellular and production is related to
biomass. A number of preculture media have been used, the majority of which have had a
complex composition such‘as malt extract or yeast extract. The size of the preculture
inoculum transferred into the production medium was also variable; the source or
maintenance of the initial spofes had not been WeH defined nor had the agé"of the preculture
prior to inoculation of the production mediumi. Thesc factors, and other details in the
preculture preparation and the productlon medium moculum were mvesngatcd in order to
vrdetcrmme the methods which yield the highest reproducible levels of cyclosporin.
However as cyclosporin pfoduction bygtnost of these strains of Tolypocladium has nét
been reported, it cannot be assumed that the condmons for T. inflatum NRRL 8044 (=T.
mveum)wxll bc ideal. Also there are critical points mvoh/mg rcproducxbxhty which are not

addressed in the literature which must be investigated .

4

3.3.1 Determination of Optimum Conditions for Cycl(u)sporli‘n: Production

The thrust of the initial work in cyclospoﬁn studies was fo eliminate any sources of
variability. On¢ poter}tial source of variability in the growth of the culture and the
pfoduction of cyclosporin, is the spore inoculum. To standardize this, 20% glycerol spore
stocks of the five previously described UAMH strains were prcparcd and stored at -75°C:
These spore stocks could be used immediately and allowed the inoculation of a precise
number of viable spores to a culture. This method had less variability than ihoculating
spores washed from a plate from which the number and age of theviable spores could r@t

readily be determined. . (
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An experiment was carried out to determine the best spore concentration for
pfcculturc as well as the optimum volume forinoculum of the production culture. A

. fre ‘ . .
number of preculture flasks were inoculated with spore loads ranging from 2.6 x 102

spores/mL medium to 1.95 x 104 spores/mL. medium (Agathos et al. 1986)- The medium

‘used fof both the precultures and production flasks was 1.6% sorbose-1% casamino acids

medium. The final cyclosporin production v:/asvp'oor, less than 50 mg/L, éxcept in one
flask which produced 103 mg/L. Thé rpsuits indicated that some factor of the fermentation
was missing. As high levc;,ls of cyclosporin (<130-mg/L) had been produced previously
using similar conditions, the spore load must have been too low. Thcjon.Iy flgsk which
produced over 100 mg/L had a high density of spores added to the preculture (3.25 x 105
spores in 25 mL).

It was determined in later work that consistently high levels of cyclosporin
production required >106 spores as the preculture inoculum in 100 mL of SVA medium, as
shown in Figure 8. |
33.2 Preculture Media and Inoculunr Preparation -

In our work, precultures were always grown in a semi-defined media such as the
production media described by Foster er al. (1983) or by Agathos et al . (1986). All
previous workers had used fich non-defined media for their precultures. To determine
which type of pfcculture was best for cyclosporin production by T. niveurn UAMH 2472,
the following éxpcrimcnt was carried-out. Two groups of precultures were prepared, one

using malt-yeast extract medium (2% malt extract, 0.4% yeast ektract) and the other using

SVA medium. 100 mL of medium was ix;loculated with 108 spores and incubated 72 h.

Half of each preculturé was washed by sedimentation and resuspension in 1% KH,PO,-
0.5% KCl (sorbose medium salts), then flasks of sorbose production medium were
: v,

inoculated with various concentrations of washkd and unwashed precultures. These

o —

e



producuon flasks were mcubatcd 15 days. The results (Flgurc 6) show, !g’i‘%arly that

w

preculturing in sorbose mcdlum yields higher levels of cyclosporin than a malt-ycast e\tmct.,

t

medium. The final biomass of both sets of production flasks was virtually' Jd@mlcnl for all
&5 .
inoculum sizes though the blomass of the malt-yeast extract precultures was almost twu:c

that of the sorbose precultures (8.0 g/L unwashed vcrsu,s 43 g/l unwashcd). Waslgm("";_ e

preculture had little effect on the final cyclosporin production even though the biomﬂss of .

the washed preculture inocula was 40% lower than the unwashed prcéulturcs for both

" malt-yeast and sorbose precultures as determined b&l mycelial dry weight. Statistically there
was no d1fferer;ce between the cyclosporin yield of différent inoculum smcsﬁ Therefore
unless carryo:jc;r of nutrients or rmnerals from the preculture was a concern, precultures
were not washed diiless 1ndlcatcd. As the size of the production culture inoculum had no

- effect on final production, the 10% inoculum was used in all later experiments unless

indicated.

<

3.3.3 Optimization of the Inoculum for Production Culture

&

The state of the preculture when it is inoculated into the production medium is of

importance if the' fermentation is to be optimized. The fungus in preculture must be in a
state 'that is most conducive to cyclosporin production. The following experiments were
carried out to optimize the precultures for cyclosporin production.

One of the variables which was altered was the age of the préculturc. Precultures

were prepared and at time periods inoculations from these precultures were made into -

triplicate flasks of production medmm : The‘rc§ults (Figure 7) indicate that there was no
significant difference in thc‘ﬁnalf"cyc‘lp_spérin production among any of the inocula grown
for differe‘nt tme plzriods and was confirmed by Dupcan's Multiple Range analysis. | This
indicated that if the inoculum to the production medium had a sufficient biomass (as all

those tested had) the final cyclosporin production over 15 days would not be altered. As all
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Figure 6

Comparison of Preculture Media and Inoculum Washing for
Cyclosporin Production

Two preculture series, malt-yeast extract medium (MY) and SVA
medium (SVA) were prepared and moculated with 108 spores of T. niveumn

UAMH 2472 from glycerol ‘spore stocks and incubated 72-h. Edach

preculturc was then split and half of each was washed by repeated .
sedimentation -and resuspension with a 1% KH2P04 -0.5% KCl solunon
The precultures both washed and unwashed, were thcn moculated mtO ‘;-
SVA medium at different concentrations. These. productlon culturcs‘f |

(duplicate cultures for euach treatment) were mcubatcd 15 days
homogenized, and analyzed. ’
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Figure 7

A

Effect of Preculture Age on Cyclosporin Production

Preculture flasks containing 100 mL of SVA medium were inoculated a

with 108 spores of T. niveum UAMH 2472 from glycerol stocks and

were incubated for different times. 10 mL of each preculture was

inoculated into triplicate flasks containing 100mL of SVA medium and

these production cul;u;cs were incubated 15 days These cultures were
homogenized and a ;

zed The error bars represent one standard
deviation from the mean.’ ‘
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the preculture inocula yielded statistically eqﬁal levels of cyclosporin, 96 h was chosen as
" the preculture time to ensure there was growth iﬁ tﬁe ‘prcculﬁlm but not to needlessly exteﬁd
the preculture time (inoculum éould be gfown over the weekend). -

~ The quantity of biofsass of the precultures was also investigated to detennine' any
effect on final cyclosporin production. Inoculum blomass was relatcd to the volume of the
preculture added. As was observed in Figure 6, the volume of inoculum had no 51gmﬁcant
cffect on final levels of cyclosporm production. To further investigate this-, two.
experiments were carried out both'using 96 h precultures. The first expeﬁn;eht examined.
the final cyclosporin production of ﬂasks from varymg inoculum sizes from 6 15to0 123
mg. However Duncan's Multiple Range analys1s of the results (Table 5) showed that only 2
Ec hlghcst and lowest inoculum blomasscs,‘_‘;123 and 6.15 mg respectlvely dlffered in final p
production of cyclosporin. Also the control level, 61.5 mg, produced I;Ill_(;h lowe; levels o'f. '
cyclosporin than prcvidusly observed. The experiment was rcijeated e*cludjng the highest o
) inbculum size. This experiment agam showed no significant difference between production
culture inoculum biomass and cyclosporin production. Therefore until contra;'ﬁdicated, a

10% inoculum of preculture was used as the inoculum.

3.3.4 Effect of Spore Source on Cyclosporin Prdductibn‘ _ .

The question of comparing cyclosporin production from fr_eéh spores with that from
the frozen (-75°C) glycerol spore stocks had been rai:séd.‘ Precuiti;re flasks and ma';lftq—ycast
extract plgtcs were inoculated with 108 spbres fmm the glycerol spore stocks and incubated
7 days. At this time the plates werc' washed with distillcd water and twp sets of preculture

[

flasks were inoculated from the resulting spore suspensxon one set received 1.8 x 106
spores/flask and the other received”2. 7 X 106 spores/flask These flasks were also
incubated for 7 days. Five flasks of SVA medium were inoculated from each preculture

(10% inoculum) and incubated 15 days. The results indicated that the fresh spores at 1.8 x



Table 5 Effect of Inoculum Biomass on T. niveun

Inoculum Mycelial Dry Cyclosporin Specific Cyclosporin
Biomass - Weight (g/L) Production (mg/L) Production (mg/g)
(mg) i (*S.D.) (*S.D.) (£S.D)
6.15 8.6 (0.0) - 109 (3) 12.6 (0.4)
12.3 8.8 (0.0) 99 (11) 1.3 (1.2)
30.8 8.1 (0.2 86 (5 - 10.6  (0.5)
61.5 . 89 (0.0) ., 88 4) 9.8 (0.9)
92.2 8.1 (0.1) ’ (16) 12.2 (1.8)

© 123 8.6 s/ 9.4
8.6 - 9.1 (0.4) 8 (5 9.4 (0.6)
17.2 9.3 (0.2) 92 (18) 9.9 (1.8)
43 9.3 (0.5) . 8 (9 9.3 (1.3)
64. 9.1 - (0.2) 98 (3 10.8 (0.2)
86 8.9 (0.5) 78 (20) 8.8 (2.5)

/

These results are from two experiments. The protocol for both involved the moculauon of 108 sporcs
of T. niveum UAMH 2472 from glycerol spore stocks into 100 mL of SVA medium. These precultures
were incubated 96 h then the biomass in the precultures was determined. Different sizes of inoculum were
added to production ﬂasks containing 100 mL of SVA medium. Thesé were incubated 15 days then made
up to original volume with distilled water, homogenized, and analyzed. All the cultures were carried out in
triplicate except the 92.2 mg series (duplicate) and the 123 mg series (single flask).
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106 level yielded highest cyclosporin production of 202421 mg/L. The glycerol spore
stocks (108 spores) and the- fresh spores at 2.7 x 106 level yielded statistically equivalent
cyclosporih ‘production of 162+10 rng/L and 158:t31.mg/L r_espectively. The flasks all
produced high levels of cyclosporin both volumetrically (mg/L) and spccxﬁcally (mg/g dry
e wc1ght mycelium). The fresh spores appeared to be equivalent if not superior to the
glycerol spore stocks, though there was sllghtly more variability in the fresh spores'
cyclosporin production. For reproducibility and convenience the use of the glycerol spore
stocks was continued.
Q
3.3.5 Spore Inoculum Effécts on T. niveum. Mox;phology
’ The morphology of submerged fungal cultures hz{; been shown to be affected by
the size- ﬁf the inoculum. Inocula of low spore concentrations yield a pellenzed
morphol@gy while higher levels of inocula yield a more ﬁlamentous morphology (Metz and
Kossen, 1“977) This had been observed in T. niveurn cultures both in shake flask and
fermenter cnimrcs To determine the spore inoc‘ulum necessary to obtain pellet morphology
as well as to compare the production of pelletized T. niveun with filamentous mycelia the
following expcrirr;ent was carried out. -

Glycerol spore stocks :vere diluted with distilled water to various concentrations
and inoculated into prec\:bltures The precultures were mcubated 14 days to allow complete
growth in all flasks and were inoculated (at 10%) into quadruplicate production flasks
containing 100 mL of SVA medium. The precultures were thqn sampled for cyclosporin
production. The ‘production flasks were incubated 15 days. The results in Table 6 show
that precultures receiving 104 spores (g less, grew in pellets while those receix}ing higher
numbers of spores grew as ﬁlamentoémyceha. Production in all the precultures was very

high, up to 230 mg/L (note that these precultures were 15-20% concentrated due to

- evaporation during incubation) but generally was lower for the lower spore inocula with



Table 6 Effect of Inoculum Size on Preculture’fv[orphology and Cyclosporin Production

»

Spore Mycelial Dry . Cyclosporin ' Myecelial
Inoculum N Weight (g/L) Production (mg/L) Morphology
(Spores/flask) (+S.D)) (+SD)
107 11.2 (0.1) 229 (28) Filamentous
106 8.9 (0.2) 207 (51) Filamentous
105 7.6 (0.1) 202 Q21 . Filamentous
104 8.8 (1.1) 134 (44) Pellet
105 5.6 (0.4) 84 (18) Pellet

102 7.9 (1.5) 186 (16) Pellet

These results are the cyclosporin production, mycelial dry weight, and morphology of the preculturcs
which were prepared in the following manner. Glycerol spore stocks of T. niveun UAMH 2472 w :re
serially diluted with phosphate buffer. The diluted spore suspensions were inoculated into duplicate flasks
containing 100 mL of SVA medium. These flasks were incubated 14 days until all flasks demonstrated
good mycelial growth. At this point the production cultures were inoculated and the precultures analyzed
for pH, mycelial dry weight, and cyclosporin content.
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pelletized érowfh. The production cultures had the same morphology as their precultures,
§f pellets were inoculated the culture had a pellet morphology. All the production flasks
contained equivalent biomass whether growing as filamentous fnycelilim or as pellets. The
mycelial dry weights %or these flasks were between 6 and 8 g/L. Cyclospdﬁn production
reflected the general trend observed in the precultures, filamentous cultures pfoduced .
higﬁcr levels of cyclosporin than pelletized cultures. These results are shown in Figure 8.
The increase in cyclosporin producﬁon as the spore inoculum increased is quite marked for;
the 106 and 107 spore inocula é_md leveled off at 180 mg/L cyclosporins. It appears thit
there was a critical spore concentration below which pellets formed. The formati

pellets may be the result of electrostatic attraction (Jones er al. 1988) or other attractive

forces such as hydrophobic interactions. All pellets observed in shake flasks and

fermenters appear to be clumps of germinated épores which are attracted to each other while
germinating and consequently grow as an aggregate (Figure 9). The higher sporé load in
the filamentous morphology also showed clumping énd aggregation of the spores but the
high number of spores inoculated resulted in many very small aggregates rather than fewer
large pellets. The high cyclosporin levels observed in the 10§pores cultu;es nlight have
been due to the fact there were so few spores that practically each sporé develdpéd_ into a
pellet. Therefore the total surface area of growing mycelia of the pellets was greater than
the less numerous larger pellets observed in flasks with higher spore inocula. Itis obx'ipu‘s
that there was simply too little mycelia transferred from thc; preculture to the production
culture to allow for sufficient time to pemn't.enoﬁgh vegetative growth for cyclosporin
‘produé:t_ion. All the production cultures produced statistically equivalent mycelial dry .
weights (see Figure 8). From these results it can be concluded that the highest cyclosporin -
levels were derived from filamentous ;:ulturcs. “However if pelletized mycelia were
required (for a fermenter), pellets could be formed which produced reasonably high

-

cyclosporin levels.
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- Figure 8

o
i 8
-
{

Effect of Preculture InoCulum Size en Cyclosporin Producu'onm ,
Precultures flasks containing 100 rgié.of SVA medium were inoculated
with different concentrations of T. niveu;ﬁ UAMH 2472 spores from
glycerol spore stocks. These pregult(ureskwere incpbated 14-days to
ensure ‘cognpfctg growth in each flasks then 10 mL of preculture was
inoculated into each of quadruplicate flasks of SVA medium and
incubated 15 days. These prodax{l\ctior'l cultures were then homogenized and

analyzed. ' e
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Figure 9

Aggregation of 'Germinating T. niveurn Spores

Spores from giycerol stocks were inoculated into SVA medium and
incubated for 48 h. An aliquot was removed and observed under a phase
contrast microscope by an oil immersion lens. Magnification of the

photomicrograph is 2000x.
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3.4 Medium Development

Once the fungal strain had been chosen and the basic methods established,
modification of the growth medium became the pn'méry method of improving cyclosporin
production by the fungus and studying its nitritional requi}ements The three major parts
of any fungal growth medium are the carbon/energy source, nitrogen source, and salts.

These three components shoul‘gl be optimized in order to obtain the highest reproducible

cyclosporm producuon posmble using a smgle strain of T. mveum

the hlghest levels of cyclosporm

n

3.4.1.1 Determu;atlon of Optimum Carbon §ource

An expenment was camed out to compare cy“closponn productlon of T. niveum

' usmg two growth medla 1.6% Sorbose medlum (Agathos et al. 1986) and 1. 6% glucose ’

medium (Foster etal. 1983) These two medla were tested usmg four of the ﬁve hxg,hest
cyclosponn producmg s%jéﬂns of T. niveumn. To negate any p0351b1e effects of the other

medgum components the carbon sources were also used in the other medium (ie: 6orbose

was_also used to replace glucose in the glucose medium and vice- versa) The results are

shown in Table 7 Analysis by Duncan s Multiple Range test indicates that sorbose is the |

s
¢

better carbon source Sorbose in elther medlum yields statlst1ca11y equlvalent cyclosponnl

levels Wthh are supenor to those from glucose medla The cyclosponn production from

the Agathos sorbose medium, whlle stausucally equ1valent to the Foster's. sorbose -

- medium, had less variation and better reproducibility bewveen_ strains and duplicates. A
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Table 7 Cyclosporin Production on Diffc,_reni Media

T. niveum ' Carbon ‘Medium

31

Cyclosporin
Strain Source Production (mg/L)
L (+S D) _
2472 " Sorbose Agathos' R 154  (6)
2472 Glucose Agathos' ' 90 (11
2472 Sorbose Foster's 88 (8)-
2472 Glucose Foster's 145 (35)
2880 Sorbose Agathos' 166 (9)
2880 . Glucose Agathos’ 50 (O
2880 Sorbose Foster's 158 (39)
2880 Glucose Foster's 61 (6)
4002 Sorbose - Agathos’ 188 (16) -
4002 Glucose Agathos' 71 (16)
- 4002 Sorbose Foster's 120 (34)
4002 Glucose Foster's 116 (64)
4828 Sorbose Agathos’ 144 (11)
- 4828 Glucose Agathos’ 97 (37
4828 Sorbose -Foster's ‘147  (8)
4828 Glucose Foster's ' - (8)

Spores from sporulating plates of each strain were washed with sterile- dxsnlled water and inoculated
into 125 mL flasks containing 25 mL of the appropriate medium. The carbon sources were added at 1.6%
concentration. Foster's medium was 1% casamino acids, 0.5% KH2PO4, 0.5% NaNOg, 0. 5% NaCl, 0.05%
MgSOyg, and trace elements. Agathos' medium was 1% casamino acids, 0.5% KH2POg, and 0.25% KCl.
‘These precultures were incubated for 7 days, then 10 mL of preculture was inoculated intg flasks containing
the 90 mL of the production medium. *These duplicate producuon cultures were mcubated 15 days
homogenized, and me cyclospom; comcnt detcrmmed ) S T
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To confirm these results another expenment was camed out 1o find the best carbon

source for cyclosporm and thc optlrnum concentratlon of that carbon source. The five

highest producing strains of 7. yiveum were agam used with five carbon sources, ,2% zmd o |

3% sorbose, 2% and 3% fructoSe, and 3% sucrose. The fungi ’grew well on all five carbon
sources vand produced cyclosporin. However the cyclosporin production for all flasks was
very low, less than 50 mg/L. The reason-for the low cyclosporin levels was not
intruediately obvious as the cultures had been treated as in previous e)tperiments Although
it was dlfﬁcult to draw any conclusxons from such data, statistical analysxs showed 3%
sucrose to be an inferior carbon source to the sorbose or fructose. These two carbon
" sources were equlvalent for cyclosporin production at both 2% and 3% concentrations.
Further etudies on the carbort'source included a comparison of 2% sorbose, 2%
' fructose, 1% maltose, and a negative control. The experiment was carried out using only
T. niveum UAMH 2472 at é—l.o.w.preculture inoculum level. The final cyclosporin
ptoduction values, shown in Table 8, were again low, 65-81 mg/L cyclosporins However
the negative control had high cyclosponn levels, 104 mgéE W the flasks with no added
carbon source should have produced such relatively hlgh cyclosporm levels was not
determined and in repeated experiments this obgervatitg was not seen again. Duncan's
Multiple Range analysis showed all the carbon sources to be statistically equivttlent. .
Although sorbose had been used throughout most of the experiments it had hot
- beén demonstrated that sorbose was the optimum carbon source. The p;ecedtng
experiments have not shown sorbose to be superior :o fructose, Wthh is less than
one-quarter the cost. To resolve thlS another expenment was carried out compzmng 2%
sorbose 2% fructose and 2% glucose with the UAMH 2472 strain of T. mveum “The g
results (Table 8) show that the five cultures containing sorbose produced a mean of 135423 "
' mg/L total cyclosborins which was statistically higher than the fructose and g‘lucosc ﬂasksv |

which produce’d'IOO'mg/L and 74 mg/L respectively. This eJtperiment demonstrated that
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Table 8 Cyclospdﬂn Production on Different Carbon Sources

Carbon - Final | MycélialDry Cyclosporin 1; pecific Cyclosporin
Source - pH  Weight(g/L) Prod. (mg/L) :. “PRroduction (mg/g)
_(£SD) & SD.) S.D)
2% Sorbose  5.05 2.1 "8l (1) vy
2% Fructose 5.85 1.6 65 37) ‘ 39
1% Maltose 5.95 2.4 78 (25 33
2% Sorbose 4.34 8.7 (0.4) 135 (23) . 16 (3)“,
2% Fructose 4.06 7.8 (1.7) 100  (17) 13 (3)
8.7 (0.3) 73 (16) - : 8 (2)

2% Glucose 4,02

These results represent two experiments comparing cyclosporin production between carbon sources.
In both experiments spores from glycerol stocks of T..niveum UAMH 2472 were inoculated into
precultures and incubated. These precultures were mcm inoculated into production flasks and incubated 15
days. After incubation the contents of the flasks’ weére’ analyzed In the first experiment (rows 1-3), the
preculture was inoculated with 3,25 x 105 spores and incubated 185 h whereas in the second experiment
(rows 4-6), 108 spores were inoculated and incubation was for 72 h. The production medium in the first
case was 2% sorbose-1% casamino acids medium and the experiment was carried out with quadruplicate
flasks while the second was SVA medium and was done in quintuplicate After incubation, the cultures in
the second experiment were made up to volume with distilled water and homogenized before analysis.

v




" effect on the carbon spurce was unknown and therefore was investigated.
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sorbose was a better carbon source for cyclosporin productior.  However fructose was

also a viable carbon source and may have pdtential use in lightv of its lower cost.

3.4.1.2 Sorbose Preparation ) : “ o
While it has been determined in one experiment that sofbose was the best carbon

source for cyclosporin production, autoclaving the sorbose medium turm:(\i\thc medium a. |
B A 4 . .

«®

‘golden-brown colour and produced an odor similar to burned or cooked sugar. This colour

-change is likely due to caramelization of the sorbose. Whether this caramelization hz;d'ahy

Kl

J—

Two cxpérimcnts were carried out involving three methods of sorbose préﬁarution
and sterilization. These were: separate filter sterilization, separaté autocfavin g, and
autoclaving with the medium in situ. The first experiment was carried out m triplicate and
failed to show any significant difference between the three methods: the mean for in sktu
autociaving was 42% higher than either the autoélhved or ﬁltei—sterﬂizgd methods but there
was great variability between replicate flasks. The experiment was y_cf)cated in quintuplicate

and the sorbose content from each flask was determined béfore inoculation of the

production culture. The results (Table 9) indicated that in situ autoclaving yielded higher "

cyclosporin production values than either filter-sterilized or separately autoclaved sorbose.
: ®

Also the fungal growth in the in situ- flasks was heavier than-in the other two methods.

The results of the sorbose éssay were somewhat pdzzling as the chemical assay for sorbose

content of the in situ autoclaved flasks (9 g/L) revealed only one-half that in the cher- two

(17 g/L) but the avajlabiiity of sorbose as a carbon, soﬁrce was apparently not affected

- The most likely explanation is that the sorbose and some other medium component were

forming a’complex in such a manner that the ,gor?ose was not detected by the assay. The

most likely candidate was the v-itamih assay casamino acids which mx‘ght;form a Maillard
pmduct upon heating of this nirrogén source with a sugar (Bannerjee eral . 1979) and in

~—
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Table 9 Cyclosvorin Production for Three Methods of Sorbose Preparation

Sterilization Sorbose Final Cyclosporin

Method Content (g/L) pH ' Prod.(mg/L)
(+S.D.) (+S.D.)

In situ 9 (0.6) 5.6 137 (17)

Filter-Sterilized 18 (0.2). 5.4 109 (13)

Autoclaved 18 (0.3) 5.5 113 (15)

Precultures were started with 108 spores of T. niveun UAMH 2472 in 100 mL of SVA medium.
These precultures were incubated 72 h. 10% inoculations were made into- quintuplet flasks containing the
following medium; 1% vitamin assay casamino acids, 1% KH2POy4, and 0.5% KCI. The sorbose was
either autoclaved in situ with the medium, autoclaved separately then added to the medium, or
filter-sterilized through 0.22 pm Millex GS filter and added to the medium, all at a 2% concentration.
Sorbose content was determined by chemical analysis prior to ineculation. These production cultures were
incubated for 15 days, made up to volume with distilled water, homogenized, and analyzed.

g
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this form (a Maillard product) the sorbose was not detected. Tﬁc complex cannot form in
" the other two methods because the ‘sorbose and nitrogen source are never in,éomact during
autoclaving. Thcrefor.e the method of sorbose prepararion that yields the highest
cyclosponn producuon and fungal growth was in siru autoclaving with the whole medium.

/ A further expenment was carried out to define the sorbose concentrauon which .
was better suited for cyclosporin production. This expcnrncnt compared ¢yclosporin
production at two concentrations, 2%, and 4%. The results (Table 10) indicated that the
two sorbose levels produced st&fﬁistically different cyclosporin production and that 2% was
the optimum concent:rauon of sor}bose This confirmed the use of 2% sorbose through out
the project. f |

o
~

3.4.1.3 Growth of Tolypocladium' 'r‘ziveym on Tetradecane

One of the strains of T. mveum UAMH 4002 was ong,,lnally isolated from
oﬂ-soaked Arctic soils and shown to utilize ahphaue hydrocarbons as the carbon
source for growth (Davies and Westlake, 1979). To determine if all the T. nivewn strains
could grow on complex hydrocarbons as carbon sources an experiment was carried out to
" determine the if the top five cyclosporin producing strains of T. niveum could in the
' presence of tetradecane and if any cyclosporin would bo ‘produbcd during this growth. The
results indicated that éll five strains grew on the tetradecane-casamino acids medium and
produced low quantities of cyclosporin, 2-10 mg/L However the amount of this growth
that was due to the tetradecane cannot be deterrhined unless the experiment was repeated.
usmg only tetradecane and 1norgamc mtrogen in the medium. . This producnon might be

simply due to growth on the casamino acids.
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Table 10 Cyclosporin Productlon of Two Strams of T. niveun from Two Inoculum

Sizes

Spore

Mycelial Dry

T.niveum Sorbose Cyclosporin  Specific Cyclosporin
Strain Inoculum Conc. |, Weight (g/L) Pmd(rng/L) Prod. (mg/g)
(%) . (£SD) (£8.D ~
2472 108 2.0 9 (0.1) 133 (14 14.7 ’
2880 108 2.0 .9 (0.8) 98 (14) 10.5
2880 109 20 Y10 (06 13 (@) 1.3
2472 08 0 2 (0.3) 17 (5 8.5
“oara ’ 108 20 ‘ 9 (14) 133 (14 14.8 -
2472 108 40 12a 0.4) 102 (7 8.5
2880 108 0 3 1) 13 1) 4.3
2880 108 2.0 9 (0.8 98 (14) 10.9-
2880 108 4.0 (L) 75 (45) 6.8

These results are from two experiments. The first experiment (rows 1-3) involved inoculating 100
mL of SVA medium with either 108 or 109 spores from glycerol spore stocks of each strain. The
precultures were incubated 7 days, then 10 mL of each preculture was inoculated into five flasks commmng
100 mL of SVA medium. These flaskss were incubated 15 days then harvested. The cultures were made up
to original volume (110 mL), homogenized and analyzed for pH, mycehal dry weight, and cyclosporin
content. ‘The second experiment (rows 4-9) involved the same procedure as described except the precultures

<" were only incubated 72 h rather than 7 days.
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3.4.2 Nitrogen Source Optimizatioft

_ R v/
A great®nany nitrogen sources have been used in c'yclosporin feméﬁiations. The
most common of these are the caseinpeptones which are hydrolys(ates of casem A number

of these nitrogen sources have been examined for cyclospogin productlon both in the

,

presence and absence of i morgamc mtrogen

\
. . G

3421 Determmatlon of Optimum Nxtrogen Source

v

7

An experiment was carried out to compare cyclosp&éin production on a complex
nitrogen source, casamino acids (A gathoS' medium), compared with that nifrogen source
 supplemented with 0.5% nitrate (Foster s medium). The results indicated that, for the top

five producmg strains, added nitrate did not increase cyclosporin- productlon rather‘

ino ac1ds Bacto Casitone, Bacto—Peptone Tryptone, and a negative confrol. All four
nitrogen sourte$ showed very good fungal growth (9-14 g/L) except the casamino acids
and the negative control (>2 g/L). ‘Cyclosporin production for the vitamin assay casamino
acids, Bacto-Casitone, Bacto-Peptone, ¢and Tryptone were all stansuca}iv equwalent,
yielding 110- 156 rng/L mean cyclosponn (Table 11). The ethyl acetate extracts from each
of the cultures had variable separation of the organic andquueous phases. Vitamin assay
casamino acids had the cleanest separation of the phases and the HPLC profile from
vi_tarnin' assay casamino acids culture extracts had the fewest extraneous peaks of any of the
nitrogen sources tested.  For these reasons, as well as the high cyclosporin production,

e

o
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Table 1‘14 ) Cyclozﬁorin Production on a Variety on Nitrogen Sources -
. S : . v ~
Nitrogen Final ~ Mycelial Dry ~ Cyclosporin
* Source pH . « Weight(g/) =~ Production(mg/L)
' - , (£SD)_
Negative Contfbl 45 2N W 23 ()
Casamino Acids 5.1 18 65 (16)
Vitamin Assay - - . |
Casamino Acids = 44 . 13.7° 156 (6) .
Bacto-Casitone 5.0 126 121 40y
Bacto-Peptone 5.1 86 - 119 @D
Tryptore =~ - 5.6 92 1 (8) .

)/‘ CoN " .

-

' Precultures were started in 100 mL of SVA medium inoculate¥' with 3.25 x 105 spores of T. niveum
UAMH 2472 from glycerol stocks. These precultures were incubated 185 h, then were pooled and
homogenized. Inoculations of 10 mL were made into- triplicate flasks of each of Lhc following

. sorbose-based medium (2% sorbose, 1% mtrogcn source, 1% KHoPOy, and 0.5% KCl); no erogcn source,

casamino acids, vntam\m assay casamino acids, Bacto- Casitone, Bacto-Peptone, and Tryptone. Note the
negative control and casamino acids were énly carried out m duphcaLc The production cullurcs were

* incubated for 15 days then homogemzed and analyzch
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v1tam1n assay casamino acxds w,,ere used as the mtrogen source for all future expenments o
unless otherw1$e spec1ﬁed 4 - . !
" The expenments to determme the optimum mtrogen source all exarmned these

nitrogen sources at the 1% concentration.” Whether thlS concentration was optlmum for

- fungal growth and cyclosporin producuon was unknown. To resolve thls question an - |
expenment was carned out to determme cyclosponn production with five concentrations of
| vitamin assay casamino acids. These were \tested atong with a gegative control with T.
niveum UAMH 2472 in the sorbose medium. The results (Flgure 10) demonstrated that
final cyclosporm production was very low v?uh low v1tam1n assay casamino acids
concentration but increased as the mtrogen source increased. The optrrnum mtrogen source
concentration appeared to be 10 g/L.- ThlS was conﬁrmed by Duncan s Multlple Range
analy51s whlch showed the 1.0% and>5. 0% vxtamm assay casamino acids to be equivalent
but superior to the other concentrauons For convemence as well as cost efﬁmency the

nitrogen s,qurce was used at the 1% conc'entrauon. " <¢/

.

- . '

3.4.22  Vitamin Assay Casamino Acids Preparation

CyclOsporin production at this point of the research was still sufficiently

~- -

1ncon31stent that mulnple flasks were necessary SO attempts were made to 1nVest1gate likely

'vanables. It had been observed that the method of sorbose sterilization affected the t

cyclosporin producnon of the medlum For this reason several aspects of n1trogen source

\

pt’cparauon were mvestlgated.

The ﬁrst of these factors was the method of sterilization. It was observed that there

9

was little dlfference4n cyclosporm productlon between fllter-stenhzed sorbose and
' autoclaved sorbose To ensure that there were no heat-labile amino acxds in the vrtprmn‘

ass:  sav "0 acids that would be degraded dunng autoclaving, a solution of concentrated
V.min 2y czsamino.acids was filter-sterilized then added to autoclaved medium. The

U U

1



77



s . . N
Figure 10  Effect of Increasing Vitamin Assay Casamino Acids Concentration on

" Cyclosporin Production

Precultures were prepared by indculating 100 mL of SVA medium with
108 spores of T. niveurn UAMH 2472 and incubating 72 h.. 10 mL of
preculture was inoculated into cach‘of quintuplicate .ﬂasks'fcont ining SVA
medium with different concentrations of vitamin assay casamino acids.

. These productibn cultures were incubated 15 days, made up to.original .
volume with distilled water,’homogcn,i@h,d analyzed.
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- control for this e.xperimcnt was in situ ’_autoclayed vitamin .assay casamino acids.
Additionally the sorbose content of the cultures was periodically sarnpied fo monitorthe
progress of the fermentation. The results (top of Table 12) indicate that in situ autoclaving
vitamin assay casamino acids yielded statistically higher cyclosporin levels than

filter-sterilizing. This difference was not as marked as that-dbserved bétween sorbose

' treatments byt it was evident. The differences between the flasks was reduced somet\avhat as

the cyclosporin levels produced were lower than previously obtained. Obviously there is
| formation or modification of some product during autoclaving sorbose and vitamin assay -
casamino"acids that stirnulated cyc‘iosporin productionr The exact natur_e of this product has

T not been deta'mined. The sorbose concentration detected by the chemical assay in the in

;itu flasks was aéain only one-half that of the ﬁlter-sterilized flasks. Sorbose was quickly
taken up by the myceha and the levels on day 15 were only 1% of those mmally observed.

One other factor that was exarmned in this experiment was the possible vananons
between dafferent lots of vitamin assay casamino acids. An expired lot (Oct. 86) was used
in the experiment _]US[ descnbed and was found to be stansucally dxfferent from the Apr.
1991 lot. - Variations in amino acid content of v1tarn1n asxay casamino ac1ds had’ been

’shown to occur among lots (Nolan, 1971) This mxght have had an effect on cyclosporm -
producnon as the previous expenment demonstrated An expenment was earned out- -

»comparmg four lots of vitamin assay casamino amds for cyclbsporm producuon -mycehal

dry weight, and pH. The results. mdacated that there was. a drfference between lots for ~

cyclosponn producuon though th ycehal rnass d1d not vary greatly among these cultures
(Table 12). Duncan s Multiple Range test showed the lots Oct 1992 and Jun. 1992 to be
statistically superior to the Oct. 1986 and Apr 1991 lots. Lot analyses of these four werek
-obtained from the supplier(Difco) and compared to determine 1f any single factor could be. .
responsible for the possible variation among lots. These analy.ses' showed no signiﬁcant

differences bet‘Ween- m&m-, As the April 1991 lot had previqusly' yielded higher levels. of‘

)
7
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- . T_abl_e__l,2:’ Cyclosporin Production on Different Lots of Vitzfunin Assay Casamino Acids

...’,ﬁ'

Lot . Final Myccl‘ialhDr‘y_ C&clés'porin "‘lw“"SpeJmﬁc Cyclos;;orih
Dae.©  ~pH  ~Weight(gl)  Prod (mg/L) Prod. (mg/g)

- : (*SD) _SD) - (+S.D)
Apr.1991* 56 8.0 0.0) * 73 an _‘.9’;-»1 " (1.4)
ApR 1991 sS4 89 (00) © 88 (4 - o3 (05

 Oct1986 - 58 .60 (0.3) .,‘:71, & . 120 (10).
Oct.1986 53 89 (05 T8Q0) - 88 (25
Apr. 1991 4.5 o 9.9-(0.2) g ®) .79 ‘(04._6)
Jun; 1992 4.4 "_,'10.3 0.2)° % @ . 93 (03 |
6ct 1992 54 0407 116,12 125 (3).

*= filter sterilized through Millex GS (0.22pim) filter

: Thesc results ar§'from two expenments The ﬁrst experiment. (row 1- 3) was started from precullurcs

. of 100 mL SVA medium inoculated with 108 spores from glycerol Stocks of T. niveum UAMH 2472 and -

incubated 96 h. These precultures were pooled and 10 % inoculations were made into the following -
SVA-based medium: quintuplicate flasks of medium with filter-sterilized (through Millex GS filter, 0.22

“um) April 1991 vitamin assay casamino acids added, quintuplicate- flasks of SVA medium made up with

o Oct. 1986 vitamin casamino acids, autoclaved in. situ and triplicats flasks of SVA medium made up with

April 1991 vitamin assay casamino acids. autoclaved insitu These cultures were incubated 15 days, madc '

. up to original volume with distilled water, homogenized, then analyzed. -

The second experiment (rows 4-7) ‘was carried out as described above except the producuon mcdm '

-was SVA medium using these nitrogen sources: Qct. 1986 (3 flasks), April 1991 (5 flasks), June 1992 (3 ‘.‘

flasks), and Oct. 1992 (3 ﬂasks) all autoclaved in suu




81

cyclosporin production (130 mg/L) and the two high yielding.lots had been freshlv opened,
there may be a decrease in cyclosponn producnon over the time the bottle of vitamin assay
casamino acids had been open. ’I‘hls should be further mvesugated
It can be concluded that the nature of the mtrogen source has a definite effect on

cyclosponn producuon Not only must the optimum mtrogen source be selected from the~
gn:at number of those available, but the opumum concenttauon method of preparatton and
even lot number of that mtrogen source should be: determmed All this was necessary in,
order to produce the highest posgl;e cyclosporm levels There are seyeral nitrogen
sources utilized in ‘the l1terature whtch were unavmlable for testing such, as the
casempeptone used by Sandoz workers However while contmued mvesugatro)x may |
evcntually determine a better mtrogen source than vitamin assay casamino acids, in terms of

‘ cyclosponn producuon ease of product separauon and lack of coextracnng metabohtes

| v1tamm assay casammo actds have ‘proved very satxsfactory

" 343 Optlmtzatlon of Medium Salts for Cyclosporm Productlon

- The salts component of the growth and production, media might also be altered to

yteld htgher levels of cyclosponn One of the primary functions of the salts is to provide a
“high buffermg capacrty to. regulate large pH ﬂuctuatrons which might occur durmg,

' fermcntanon The addmon of sufﬁc1ent concentrauons of phosphate usually accomphshes
| this task. Other salts pncludmg those of cations. whrch are normally required by cells and |

_ "_requued by. the fermer:agon to produce the ﬁnal product are added. The effect of these
e 'added salts must be consxdered and in the case of ﬁnal product metabohtes optumzed to_ : ‘
‘producc the hrghest levels of that product_ e % o | -
Several media have been described in the lrterature for the productron of

cyclosponns All use different combmauons of salts as welI as carbon source and nitrogen

sources. To determme whrch of these medJa would be best for our parttcular strains,
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several Wene tested. This was carried out in the comparison of earbon sources in different
media (Table 7) comparing Agathos medlum with Foster's medxum As stated ezu{xer
Duncan’ Mulnple Range analysis did not show’ Agathos medxum to be superior for
‘cyclosporin production but consideration$ such as reprodumb’hty:between replxcate ’
samples pointed to e use of Agathos"medium with a sorbose ca’rbon source.

Once the medium of choice had been estabhshed the components of that medium
should be altered in order to find the best combmadon for opumum cyclosporin producuon

These components in the case of Agathos' medium, were the KCl and KI-12P04 The

~ KH,PO4 was requlred for nucleic acrd synthe51s and for its buffering capacity. The KCl

had likely been added for its ability to stabilize K-carrageenan. Whether these two
components were absolutely necessary for cyclosporm production was investi gated.

The ﬁrst of these two to be considered was KCL Thls salt first appeared in
cyclosporm producnon medium in the 1983 paper by Foster er al. where it was added to -
stabthze the K- carrageenan 1mmob1hzed T. lnﬂatum pellets. Also the increased ionic
strength helped to reduce foarmng of the fermentatlon in an alrhft fennenter As the

majonty of this study was not camed out’ using immobilized Tolypocladzum sp., and

i subsequent 1mmoblhzanons using K-carrageenan were unsuccessful, expenments were
‘7 camed out to determme 1f added KCl was necessary for cyclosponn fermentanons One
expenment compared flasks of sorbose medlum with and w1thout added KCI for -
" ' cyclosporm producuon The results 1nd1cated that the two treatments were not staustxcally _
vdlfferent. _The means were 124 +24 mg/L wuh added KCl and 125+ 11 mg/L wnhout

added KCl All other parameters such mycelial dry weight, pH and specxﬁc producnon o
were v1rtually identical. As vitamin assay casamino acids contain 38% NaCl the addit-ion of
KCl 1s unlikely td have aE'profOund effect on these cultures as casamingsacids (l4% NaCl)

medium. | ' e

A further experimept compared cyclosporin production using sorbose-medium with
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no added KCl or CaCl,, added KCl, and added CaCl,. Addition of CaCl, was investigated

. as Cat+is necessary for stability of alginate. Alginate immobilizatiqn was suggested for 7.

niveurn due to the relative failure of carrageenan immobilization. The flasks with added

CaCl, formed a chalky white precipitate after autoclaving. This precipitate was likely

s
Ay

'(Ca)3(PO disappeal:ed by day 15, likely due to acid productidn during the
tat NG closporin production in the flasks with and without added KCI were again

not staustlcally different, bemg 135 * 24 mg/L with added KCl and 138 +£18 mg/L. w1th no -

added KClL *The flasks with added CaCl, had mean cyclosponn production of only 64 .

+10 mg/L. All of these flasks demonstrated good mycelial growth, 8.2-10.3 g/L dry

welght The results from these expenments demonstrate that the additon of KCl had little

effect on cyclosporm producuon but that the addition of CaCl, seriously reduced

cyclosporin producuon. For this reason alone alginate immobilization was not advisable
for T. niveumn . as addition of the stabilizing cation reduced cyclosporin production by

| one-half. ~ | | | '_ {/

‘The other salt added to the growth medlum was KH2P04 Experiments on

'.phosphate concentrauons in other systems led to the obsérvation that high phosphate levels
could mhxblt secondary metabolite productxon (Creuger and Creuger, 1984). Also a great
| number of different phosphate levels have been reported in the literature with varymg
cyclosporin productlon An experiment was carried out exammmg cyclosporin productmn
"at a number of phosphate concem:rauons The results shown in Table 13 indicate that
cyclosponn productlon for all cultures was quite higt as was the mycehal growth.
. Duncan $ Multlple Range test showed that the lower phosphate concentratlons 0.1, 0.5,
and 1.0 mM) were dlfferent and superior to the hlgher concentmuons Because a control
was not run, the expenment was repeated. |

All the cyclosponn levels were low in the repeated experiment mcludmg the comml
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< Table 13 Effect of Phosphate Concentration on Cyclosporin Production

" Added -~ Final = Mycelial Dry

-4 .

Spec1ﬁc Cyclosporin*

Cyclosporin -
Phosphate pH Weight (g/L) Prod. (mg/L) Prod. (mg/g)
(mM) ' (+S.D) (+S.D) S.D
0.1 59 (0.2) 109 (1) (0.3)
0.5 6.0 (0) 116 (11) (1)
1.0 5.9 (0.3) 109 (4) (1)
5.0 5.8 (0) 103 (0) (0)
10.0 5.7 (0.2) 102 (7) (1)
15.8 5.5 (0) 96 (7) - (0.9)
0 6.1 (0.1) 56 (4) (0.1)
1.0 - (0.3) 66 (2 (0.5)
50 4 6.0 (0.1) 50 (1) .1 -
10.0 5.9 (0.2) 48 (11) (1.2)
74.0 (control)- 5.3 (0.5) 78 (20) - (2.5)

These results are from two experiments using the same experiemental protocol but with different.
phosphate concentrations. The protocol involved ;noculating preculture flasks with 108 spore of T. niveum
UAMH 2472 into 100 mL of SVA medium (i % NH3zPO4 (74 mM)) and incubating 96.h. 10 mL of these
precultures were inoculated into 100-mL of SVA medium with the appropriate phosphate concentration.
All cultures were carried out in triplicate. The cultures were incubated 15 days, maded
volume with distilled water, homogenized, and analyzed.

8} to original
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(78 = 20 mg/L) which had the highest cycIosporm producuon (Table 13). The low
_cyclosponn levels 1nd1cate that further work should be carried out in thxs d.erCthﬂ An
.tntercs_tlng, observation was that as the phosphate levels decreased, the final pH of the
fermentation increased. The reason for this was ljkely due‘ to the decreased buffering
capacity of thesmedium witt. lowered phosphate concentration. An experiment with varied
phosphate concentrations and pH was carried out to further eluidate this. These results
'(T able 14) indicate that there was no phosphate inhibition even ::}y high concentretions
(300 mM) However phosphate concentratxons of 74 mM (control) and 200 mM ylelded
statxsncally superior production and as such 74 mM was used for all rernammg.
expenments Initial pH also had little effect on the production .of cyclosporm over the
rangc of pH 4.2-6. 2. However pH of 4 2 and 5 2 (control) ylelded ‘'statistically higher
cyclosporln levels. The optlmum condmon for cyclosporm production was 74 mM
KH,PO, at pH 5.2 | o |
The conclusioh from these experiments on optimization of the salts vcomponent of
the medium for cyclospodn production showed that added: KCI- was uot .nece"s.sary for'hiéh
. cyclosporin production but it may prove beneﬁcml in reducing foarmng during ferrnentauon -

by mcreasmg the ionic strength of the medlum KCl contmued’ to be added to the medlum -

’ though these ions were already present m KI-12P04 and vitamin assay casamino a01ds (38% - v 'l

NaCl).

3.5 Procedural ‘Consider'ationls‘l | ,

A large proportion of the work carried out in thlS project has been dlrectm
obtammg reproduc1b1y hlgh levels of cyclosporm ‘ The empha31s has been on K
reproducxbxhty of these levels and' throughout attempts have been made to standardlze the

: procedure wherever p0351b1e A nurnber of these standardued procedures were not

instituted until later in the project. For thxs reason the methods uscd in some early
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- Table 14  Effect of Inin'alrpH and Phbsphate Concentration on Cyclosporin Prod‘uétidn -

Initial "Phosphate " .Final Myceﬁélny Cyclc porin Spcc1ﬁc Cyclosporm

pH™ - Conc. pH  Weight(g/L) Prod. (mg/L) Prod. (mg/g)’
(mM) . _(EFSD)  (* S.D.)

4.2 74 3.7 8.9 (0.3) - 123 (7) , 1\3.9
4.7 .74 4.1 10.4 (0.2) 105 (4. 101
5.2 74 4.5 9.6 (0:1y 129 (3)° - 134
5.7 74 . 4.9 8:8:(0.1) ~ 111 (11) - 12.6
6.2 74 © 5.6 7.6 (0.1) 85 (9 11.1
5.2 300 4.9 95 (0.4) 122 ¥ 12.9
5.2 200 4.8 9.5 (0.1) 101 (D 10.7
5.2 74 4.5 9.6 (0.1) 129 (3) 13.4
5.2 50 4.3 . 9.6 (0.3) 103 - (3) 10.7
5.2 10 4.2 ~9.9 . 8.4

0.5 - 8 ).

Precultures weere slarted by moculaung 108 spores of T. niveum UAMH 2472 into 100 mL of SVA .

o medium and. mcubaung 96 h. The- preculnmes were homogenized, then 10 mL of the pooled preculture were .

inoculated into mphcale production flasks containing SVA medium with varied initial pH and phosphate
"concentrations. These cultures were mcubated 10 days, made up to original volume with distilled water,
v homogemzcd, and analyzed. ' ‘ ~
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experiments differed from those used in later ones, and may explam some of th\:

~ differences between results obtamed for similar expenments : .

2
One of the first modifications in the methods was homogem'zation of the production

cultures after int:ubau'on Initial experiments demonstrated&ﬁ]at the cultures were composed
pnmanly of clumps and pellets of mycelia Wthh did not plpette evenly nor extract
reproducibly. For these reasons the cultures were homogemzed to ensure the cultures were
homogeneous for analysis. The precultures were also homogenized (if not already
homogeneous) to ensure that each of the production flasks received a similar inoculum. N

' _‘ Homogenization of the production cultures was only one of the steps taken to allow

comparison of different experiments. Another step became obvious after it was observed
“ . X 2

that the final volumes of the production flasks were not always the same for different

flasks, especxally those with dlfferent mycelial growth or morphology To alleviate thlS :

_ 'problem the contents of all flasks were made up to the1r original volume W1th dlStlllCd

water prior to homogemzatlon which ehmmated any variation due to unequal evaporatlon
However this dilution of the cultures served to decrease the final volumetric production
which of course diminished the values obtained relative to those in the literature. -

Another area of difficulty which was encountered durmg the pI'O_]eCt was the

~

extraction of cyclosporins from the culture. The usual precauuons such as extraction of
®

internal standards alone or added to producing cultures revealed essentially 100% reCovery

- of the added cyclosporins (cyclosporin D was the internal standard used ). However it

P

was noted that the final volume of the organic solvent was slightly less (5-10%) than the

initial volume. It was thought that tgs loss was due to evaporation of the ethyl acetate

~ during the ovemtght extraction. For a period of time the volume of the orgamc phase was

made up to original volume with added ethyl acetate. However it was considered that '
volume might not be the most accurate parameter to judge 10ss of the orgamc phase. The

mass of the extracnons was then monitored. An experiment wo- carried out on a

.
“ ) '
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homegeneous culture (derived from one of the 2L airlift fermenter'runsaiscussed) whereby
ten replicate extractions. were carried out. These extractions were weighed before and after
the overqjght agitation and then analyzed for cyclosporin content. The results indicated
 that the ten extractions lost an average of 0.06 *+0.03 g. This represents a.loss of less ih@
0.7% of the added ethyl acetate's average mass of 8.99 g. Obv.iously there was no
eigniﬁcant 10s§ from the extraction bottles. The loss in volume was likely a result of
_ partition of ethyl acetate into the aqueous phase and interaction with the biomass.
Tﬁerefore the organic phase did not have to be made up to volume and could be used
straight from the extraction bottle. Analysis of these extractions for cyclosporin conteht by
HPLC revealed that none of the ten samples wasbstatistically different from the others.
These experime'lto and the standardization of the procedure served to increase the
conﬁdence in the data obtained. The precedmg expenment where.ten samples were shown
to have no difference; mdlcateg that any difference found between cultures or treatments
were due solely to the fungal aCtivity. There was no appreciable error in the methods, so
_differences among the cultures must be a result of the cultures themselves, not the
analytical procedures. | | |
The cultures will obviously have differences among them. Whether or not these
differences were sign*ﬁcént had to be deterrhined. Several féctors in the methodology such
as preculture inocula and homogenization of precultures had been standardized. To
determine if replicate flasks could be safely considered as a group, thatl\’g'wnh only the
} expected deviation between them, an experiment was carried out with five flasks of 2%
sorbose medium inoculated from a commen preculture. These five flasks were found to
have an average cyclosMMUCUOn cf207 15 mﬁL The standard devxatxon 15
mg/L was less than 7% of the mean a-c ti.e range “of values was only 34 mg/L.. These
results indicated that the reproducibil. - of cyclosporin production within g group-of

replicate flasks was acceptable. . s
' ¥

o
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- These experiments and modiﬁcations to the methodology have hopefully served to

* make tho results yalid andw:qons‘istcnt throughout. The validity of values obtained from
fungal cultures must always be proved to be reprodﬁcible as there is such aﬁ;ge degree of
variability within fungal fermentations. Ihe modifications appear to have shown thatany
data .ained were valid and that differences within an c_'xper:xment were due to the fungal

activities and not a result of the r?ethods used.

3.6 Medium Supplementation . ,
v : AN - N

As discussed in the literature review, Kobel an‘d Traber (1982) supplemented their
growth medium with an‘ex;:css of constituent arnino acids in order to direct the synthesis of
cyclosporins to a pa‘rticular‘ class. They were succes‘sful in this and as an unexpected
benefit were able to broduce_ higher C);t',{lo%poyin leyels than had previouély_becn observed.i
This directed synthesis was oam'ed ouQx‘s‘ing a mutant of the parcnt strain of T. inflatum
NRRL 8044. An experiment was carried out to determine if this directed synthesis could

be carried out using the highest producing _strains of T. niveum found in the screening

expcrin&nts. Additionally it had been found from both the literature and from
experimentation that methylation of the molecule tnat occurred after cyclization (Kobel ez al.
1983): In order to enhance cyclosporin production, a number of methyl group donors’

were added to the medium to facilitate this roothylaﬁon.

3.1 Directed V‘Syntliesis
| The dirf:\cted synthesis of cvycl'o;p"orins was carried out for a mutant derived from T.
“inflatum N RRIi 8044 by Kobel and Taber (1983). An similar experiment was carried ‘out
using the five highest cyclosporin producingstrains of T. niveurn and a medium based on
that of Agathos' et al. (1986)‘ which was éimplerhented with 8 g/L of‘one of four

substituent amino acids. The results of this experiment are shown in Table 15. From this
- -~ .
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 Table 15 - Directed Synthesis of Cyclosporin Production in Five T. niveun Strains

- Precursor . Mycelial Dry Total - Single compound(% of total cyclosporin)
8gh)  Weight -~ = Cyclosporin , _ '
' gy - (mgh) A . B C G
T. niveum 2472 ‘ T .
Control 7.0 91 78 - 5 17 . 0
DL-x-Abu 7.0 48 100 ¢ 0 0 0
L-Ala 6.7 68 79 9 12 0
L-Vval 7.3 119 92 3 5 0
6.7 66 24 0 0 76
. T. niveum 2880 e
~Control- 10.0 - . 112 9% 2 8 0
DL-a-Abu - 6.3 37 100 - 0 0 0
L-Ala 6.3 .69 760 10 14 . 0
- L-val 7.0 o120 0 0900 S 5 0
"~ 'DL-Nva ¢ 5:7 - 81 023 0 0 77
T. niveun 4002 . ) ' S
Control 6.3 130 5, 12 - 13 0
.DL-x-Abu : 4.3 71 - 100 0 0 0 -
L-Ala 5.3 53 78 12 - 10 - 0
L-Vval 4.3 120 - 90 *5 5 0
DL-Nva 6.3 64 31 3 2 65
- T. niveum 4594 ’ o :
- Control ’ 8.7 232 84 4 12 0
-~ DL-x-Abu 7.3 50 -~ 100 . o =~ - 0 0
L-Ala 9.7 209 72 14 - 14 0
L-Val 7.3 154 100 0 0 0
DL-Nva 8.7 212. . 36 0 . 7 57
T. niveum 4828\ . :
Control 8.0 148 75. 10 15 0
DL-x-Abu 5.7 23 100 0 0 0
L-Ala 8.0 104 - 70 18 12 0
L-val 6.3 1554 97 1 ‘2 -0
DL-Nva 7.3 57 35 0 8 57
a=tentatively identified -

Precultures were started from spores suspensions washed from sporulating plates of each strain.
These spore suspensions were .inoculated into 25 mL flasks containing 25 mL of medium#(2% sorbose,
1% casamino acids, 0.5% KH2POgy, and 0.25% KCI). These precultures were incubated 7 days then
~ homogenized. The homogenized preculture was inoculated into duplicate flasks containing 100 mL of
medium with the appropriate added amino acid. These production were incubated 15 days then

homogenized. After homogenization the cultures were analyzed.

D ' | N+
A} ) '
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. -table it can be seen that cyclosporin production had indeed been directed to several classes.

" The addition of DL-«-aminobutyric acid, the position 2 amino acid of cyclosporin A

directed synthesis 100% to cyclosporin A in all five strair:s, however the total cyclosporin .

produced was reduced The addition of L- alanme resulted in an increase in the amount of

. .cyclosporin B paeduced (whlch has L-alanine at posmon 2) This increase was most

dramauc in'T. niveun UAMH 2880 and 4594 where a 3- fold increase in cyclosporm B ‘
was observed. Addmon of L-valine did not result in the cxpected increase indcyclosporin D

formation (L-valine is the position 2 amino acid in cyclosporin D) but rather an increase in

cyclosporin A produced. In the case of T. niveim -UAMH 4594 the add:-.on of L-valise™,

directed synthesis 100% to cyclosporin A. The reasons for synthesis being directed to

cjclosporin A rather than D were . uclear but may be related to the general non-specificity

of peptide antibiotic synthesis and the closely related structures of L-valine and

: 'L-e:,.-ami‘nobjutyvrie acid which differ by a single methyl group which might be-cleaved off

during the fermentation. The cyclosporins synthesized when DL-norVali,rw added was

much simpler. L-norvaline is the substituent amino acid at position 2 of cyclosporin G and
' o

- as expected'cyclosporin G was produced by all strains when this amino acid was added. It

should be noted that this particular class of cyclosporm had not been prev1ously observed
and direction of synthesis to this class ranged between 57-77% of cyclosporms produced.

In the case of T. niveun UAMH 4594 total productmn of cyclosporms was 212 mg/L of

- which 57% was cyclosponn G with remainder cyclosporin A. (Note that 1denuﬁcauon of

cyclosporin G was based on the order of elution of peaks on HPLG’ analysis. To.
rigorously determine the 1denmy of this cyclosporm peak further analy51s would be
required.) | _

This expenment clearly showed that cyclosporm production could Be d1rected for
these strains of T. niveurn. Cyclosporin producuon in all the control flasks was reasonably

high (91mg/L) to very high for strain 4594 (232 mg/L). The addmon Qf some amino acids,

i
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pamcularly DL-«- arnmobutync acid reduced total cyclosporm producnon while others
such-as L-vahne both increased total producnon and directed synthesis. to the commercially
useful class, cyclosporin A. It was noted that for each strain there were differing responses
to thc amino acids concemmg total producnon but the trend of directed synthesxs was

constant throughout all five strains.

43.6.2 Supplementation with Methyl Donors

[

The rapid 'uptakc of 14C-mcthyl-methioninc (see section 3 8) and the
post-gyclization rnethylanon posed the concern of methylauon as being the hrmtmg step'in
cyclosponn production. For thesc reasong, supplementanon of the growth medium with
methyl donatmg compounds was suggcstct%mcreasc cyclosporm production. A series of
prev1ously untcstcd methylatmg compounds were added in high conccntranon (8 g/L) to the
production cultures and the cyclosporin producuon of these cultures was monitored. The
results demohstrated that %n‘ddition of these compou.nds did not dramatically altered
| cyclosporin producn'on or other growth parameters. The addition of camnitine or choline to
the cultui'cs dcmonstratcd the highest cyclosporin production for any' of the methylators
(70-80 mg/L); (betame N,N —Dlmethyl glycmc carnitine, and choline) but the negative
. control ylelded the hlghest levels observed (120 mg/L). It appears then that the addition of
. some methyl -donating compounds de not morease cyclosporin producnon.
3.7 Time Course Expehir;nts‘ |
The rnomtormg of cyclosporm productlon as well as the growth of the fungus is of
great mtcrest in optumzmg cyclosponn producnon Determining the appropriate harvest
time is best found by a time couggse study However some problems pn:scnt themselves
when monitoring the growth of fungal culturcs The most obv1ous indicators of - growth in

a bacterial cultures such as turbldlty and hght—scattenng are not casﬂy determined in fungal
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culturcs due to the heterogeneous nature of a growing ‘organism.— So_m%pbrtions of the
hyphae are very metabolically active while others are inactive. The most convenient
measure of growth, dry cell weight is not necessarily indicative of growth as the hyphal

walls may continue to thicken, increasing cell weight, while there is no real growth

-

“occurring. For this reasdn RNA and protein determinations are better indications of | gr_owth.

but are difficult to carry ou,i as the hyphag must be broken open to gain accEss to the cellular '

components. In the case of Tolypocladium, breaking the hj;fphal walls proved too . ”
difficult, therefore mycelial dry weight was used aséa relative. indicator of cell growth,
ix—nprccisé as it may be. Other fermentation parameters were quantitated in some of the time

course experiments carried out.
h)

3

The mmal scrcemng of ten T. niveum strains involved a study of cyclosporin

3.7.1 Time Course Experiments at 27°C

production over time. The rcsults of this experiment were uscd pnmanly to determine the

hxghcst producmg strains of T. niveun but the course of cyclosporin production for each

_strain also was found. Due to the methods of $ampling, analysis, and quantitation used in

this experiment which was carried out at the start of the project, the results must be taken
with some reservations. The general trend observed was that cyclosporin was present by

day 7 when sampling started and coantinued to mcrease until day 15 when sampling was

Q

| halted. For some of the strains, cyclosporm lcvclsf began to decline after day 14. From

this initial experiment T. niveun cultures were harvested on day 15 in all future
experiments. }

The first organized time-course experiment was carried out with 7. niveilm cultures
started from spore suspensions with no preculture step. One of the five high producing v

sujains.of T. niveurn, UAMH 4594, wasSc%ected and each of 30 flasks containing 1.6%

- "éorbo;s(}: medium (1% éasamino acids) was inoculated with 6.5 x 103 spores from glycerol
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spore stocks'of the fungus. The sizc of this"in()cul-um has cince bcen shown tO‘bo‘ too
.small However at the nmc of the experiment the optimum. spore moculum was unknown.
The low spore moculurn resulted in a slow cyclosporm 1ncrease at a constant rate unul
apprommately day 17 when productlon ceased at 40- 50 mg/L Thc rate of i mcreasc in
cyclosporin levels (3. Wday mmally) was qultc slow comparcd to thc mmal time
course expen_neK here cyclosponn productlon had pcaked by day 14, The most obwous

reason for this is that the 1mt1al expenmcnt was cammed wrth culturcs started ﬁ‘om prccultunc

and the spore inoculum for these preculttmcs was hxgher than the 105 sporcs moculatcd mto |
these cultures. The effect of the small moculurn was also apparcnt in thc growth of the
' fungus The final mycchal dry welght was only 2-3 g/l Wthh was. stgmﬁcantly lowcr
v than thc prcv10usly observed 7-10 g/L ;!I'he Iow growth of the: fungus might have also‘

~ been due in part to thc fact casamino ac1ds was used as the nitrogen sotirce rathcr than the

supenox vitamin assay casammo amds The conclusxon from this cxpcnmcnt was that o

cyclosporin levels increase w1th the i mcrease in mycchal dry weight and that cyclosponn is
produced from day 3 unhke tradmonal scCondary metabolltes Other paramcters of the
fermcntanon must also be examined such as sorbose unhzanon and uptake of .casamino

ac1ds

The next time course study was oanied out more. élosely followcd the mcthods used
\1'7
for a typical cyclosponn fermcntanon Agam a small spore moculum was used, 3 25x 105

spores from glycerol spore stocks of T. niveum UAMH 2472 but this was moculatcd into |
a preculturc which was mcubated 7 days then 10 mL of this preculturc was mogulated into,
each of 16 flasks containing 2% sorbosc dtcdium-l%'casamino acfds Thc cy"clolspor‘i‘n
productlon increased slowly for the first 7 days then 1ncr¢ascd rapidly toa pcak of 78 mg/L

The mycehal dry welght was low throughout never mcrcasmg higher than 2 g/L This
poor growth had been noted in the prevxous time course experiment z:l::d/mclowcrcd

B cyclosporm lcvels In this case, the reason was likely the use of cas ids as the
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'nitrogcn source which reduced mycelial growth both in'the preculture and the production
_ .ﬂasks Addm,onally, the the 1n1t1a1 spore moculum was lower than what was subsequently
found to be the optimum. For these reasons the cultures did not grow well or produce hlghl
;‘levels of cyg:losponn. |
| A ﬁh'al time~c‘oursc study was carried out uhder current optimum conditions. Both

the sorbosc and vitamin assay casamino acids levels were momtored to give a better

1nd1catlon of medlum chEngcs dunng thc fermentation.  The precultures were inoculated

wlth 108 spores of T. niveurn UAMH 2472 from glycerol spore stocks and mcubated 96
h. Thece orecultores were us%i to inoculate ‘lO mL of preculture into 54 ﬂasksof SVA
“medium. It should be noted that the preculturé:s displayed very good growth (mycelial dry
yveight=_ 2.9 g/L) and cyclosporin production (45 mg/L) in the 96 h of incubation from
inoculation. These“u;iplicate production cultures were incubated, harvested, and analyzed.
The results (Flgurc 11) indicated an initial 2 day lagin cyclosporm production followed by
a rapld mcreasc (20 4 mg/l /day) and ﬁnally a leveling of cyclosporin producnon at 150
mg/L. The improvement shown in this time course over previous attempts was the increase
* in rate of cyclospofln oroduction and a final _cyclospon'n level that was twice as high as the
‘:previou's expefiment.(ISO mg/L versus 78 mg/L rcspectively); The mycelial dry weight
increased (1.4 g/L/day) '_eoricurr'crltly with cyclosporin production though- mycelial growth
leveled off (at a maximum of 8.5 g/L) slightly earlier than cyclosporin production did. The
v vitamio asésay casamino acids leve]s decreased very. rapidly, by day 3 there was only 1.5
g/l remaining in the‘ supernatant from the original 10 g/L ‘in“the mediumi ~ This level
remained constent uotil day’ 12 when virtually no vitamin assay casamino acids were
detected in the supernatant. l‘he uptalce of sorbose was less rapid but just as complete By
day 5, 75% of the sorbose had been taken up from the supernatant. This was cornplete by
‘ day 8. For all of the processes descnbed it appears a lag of one day was ‘required for the

fungus to acclimate and resume its metabolic activities prior to the onset of growth.






Figure '11

Production of Cyclosporin and Nutrient Uptake over Time in Shake Flask
Culture by T. niveurn

Five flasks containing 100 mL of SVA medium were each inoculated with
108 spores of T. niveun UAMH 2472 from glycerol spore stocks. These
flasks were incubated 96 h,.then pooled and diluted to 560 mL total
volume. Fifty-four flasks, each containing 100 mL of SVA medium,
were inoculated with 10 mL of preculture. At different times, triplicate
flasks were harvested. Upon harvesting each culture was made up to
original volume with distilled water, homogenized, and analyzed.

t ' : \.‘_\\
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Attempts to dctcrrninc RNA and protein content were inconsistent due to the difﬁcult}r in
breaking down the hyphal walls and releasing the intercellular components. Several
trcntmcrits involving boiling with NaOH, enzyme treatment (incubation with Driselase,
Kyowa Hakko Kogv= Co Tokyo Japan), and solubilization were attempted but none
served to consistently release the cytoplasmic components. From the results the optimum |
time for harvest of the production cultures remains 15 days as indicated by Figure 11. The
pH of all these time course experiments remzﬁned quite constant through the courso of the
fermentation, holding between 'prs.o and pH 5.5.

This ﬁnnl tinre¥course expl:rim_ent with T. niveun UAMH 2472 has shown that”
under the optimized conditions high levels of cyclosporin can be produced and the course
of the fermentation monitored by parameters other than analyzing for cyclosporin content.
Another parameter, such as mycelial dry weight, could serve asan mdlcator of cyclosporin
content for as dry weight increased so did cyclosporin content. The specific producnon
(Figure 12) remained constant after day 7.of the fermentation at 15-18 mg/g. One might
expect that a sumlar time-course would be expected for the other four hrgh

cyclosporm -producing strains of T. niveumn.

3.7.2 Time Coﬁrse Experiments at 15°C
Agathos‘et al. (1986) indicated that cyclosporiri production in T. inflatum (ATCC

34921) was 30% highcr over 15 dayé at 15°C than at 27°C which is conventionally used for
“fungal cultures. This finding prompted questions pertaining to "the}effect of temperature on
cyclosporin prbduction as. secondary metabolite production apvpears related to growth ratc‘
| An experiment was carried o} t usmg thrcc strains of T. niveum : UAMH 2472,
‘ 2880 and 4594. The precultures were preparcd from spores washed from sporulating

plates in 100 mL of 1.6% sorbose medium-1% casamino acids. After 7 days of incubation

these precultures were used as a 1% inoculum for the flasks containing the 1.6% sorbose






Figure 12 Comparison of Mycelial Dry Weight, Cyclosporin Production, and

Specific Cyclosporin Production over Time in Shake Flask Culture of

T. niveurn
, | A A ' _
The data was obtained from the cultures described in Figure 11.
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medium. These flasks were harvested at appropriate times and analyzed. The results
(Figure 13) showed that the cyclosporin production increased over time, but the time period
was very long. Mycelial dry wc1ght remained less than 2.5 g/L for all strams The hlghest
cyclosponn levels were seen at 588’}#1(24 5 days) which was much longer than observed in

~
any other time course study. These levels of cyclosporin were indeed high, 156 mg/L for

- UAMH 247}2 and 168 mg/L for UAMH 2880 but these levels were no highcf than

4

observed for 15 day cultures grown at 27°C. The low mycelial growth observed for all
three strains had not been-observed in high producing cultures. The very high specific
:‘ .

cyclosporin production (75 mg/g) might be due to the reduced temperature and in part to the

-length of the fermentation.

The results of this experiment indicated that cyclosporin production was not greatly
improved 5y a rbed‘uction in temperature as cyclosporin levels at 17 days (384 h) weré only
42 mg/L for strains 2880 and 67 mg/L for strain 2472 and 4594. Clearly these were less
than the 130-150 mg/L ordinarily obtained after 15 days at27°C. The high cyclosporin

levels observed were likely due to the length of fermehtation and a decrease in metabolic

| activity which might degrade any existing product. Thus grbwth at 15°C did not prove to |

be advantageous for cyclosporin production over growth at 27°C and in fact less
cyclosporin was produced over 15vdays for the UAMH strains of Tolypocladium.
3.8 Production ;f 14C Labelled Cyclosporin

Production of radioactively labelled cyblosporins had been described by Kobel et al
. (1983) and Zocher er al. (1984) using 14C- and !3C-labelled precursors. The best
precursor for labelling had been found to be 14C-methyl-methionine. Radiolabelled

cyclosporin was prepared for two reasons. The first was to obtain information on the

time-course of active synthesis and to determine if different feeding regimens produced

different patterns of 14#C-cyclosporins. The second reason was to produce a 14C-labelled
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F@Jre 13

Effect of Incubation ’?cmpcraturc on Cyclosporin Production of Three
Strains of T. niveun in Shake Flask Culture

Precultures for the 15° C flasks were prepai'ed by washing sporulating
plates of the respective T. niveum plates with distilled water and
a 2% inoculum of this suspension was made into 100 mL of 1.6%
sorbose-1% casamino acids medium. These preéulmres were incubated at

'27°C for 7 days. One mL of preculture was inoculated into each of 30

flasks. These cultures were harvested at different times (one culture of
each strain at each time point), homogenized, and analyzed.
_\-
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~ polypeptide (M.W.~1200 daltons) for use as a marker c;)mpound for gel exclusion
chrom;tography by Dr. P.M. Fedorak. '

- Two feeding regimes were dcviscd to produce 14C-labelled cyclosporins. The
results of these two methods can be seen in Figuré 14 which describes the rapid uptake of
the labelled methionine. Within 24-36 h, the radioactivity had become associated with the
mycelium and only low counts could be detected in supérﬁatant samples. Even the flasks
to Whiéh 2.0 pCi had been added (method A) had only 10% of original radioactivity in the
supcmétant after 50 h. Radibactivity in the flasks which réééived’l 3 additions of the
- radiolabelled prccilrsor (method B) was lost even more quickly, prcéﬁmably as the smaller
quantity of precursor was more quicl;ly taken up by the larger quantitiesb_fbiorrmss. HPLC .
analysis and scintillationh counting of the final products indicated that thé pr_oducts from
both methods had an retention time of 5-7 min, identical to authentic cyclosporin étéhdards;
HPLC analysis of 4C-methyl-methionine indicated all activity was eluted in first iwo
minutes, indicating that &em wa75 no 14C’-méthyl—methionine in the final products. |

An aécounting of radioactivity showed that a single addition of the precursor
resulted in 29% incorporation of added precursor into the final product while the periodic
| addition method resulted in 20% incorporation. In both methods over 95% of the added

activity was accounted for in either the product, mycelium, or growth medium. Method A
yielded 83 ing cyclosporins (specific activity 7.8 x 104 dpm/mg) while method B yielded
84 mg cyclosporins (specific actvity 5.3 x 104 dpm/mg).' These products were mixtures of

60% cyclOspoﬁn A, 30% cyclosporin C, and 10% cyclosporin B.

3.9 Fermenter Pro’duct,ifon of Cyclosporin
- Shake flask cultures are very us?ﬂ for nutritional and physiological studies of a
metabolite process. However to fully utilize the potential of an ‘organisrﬁ to produée a

useful product, the proécss»must bcA scaled up from shake flask cultures to produce
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Figure 14

A

Uptake of 14C-methyl-methionine by T. niveun UAMH 2472

Precultures were prepared by inoculatin'g' 108 spores of T. niveum

UAMH 2472 from glycerolvstocks to each of 5 flasks containing 100 mL
of 2% sorbose-1% casamino acids medium. ‘These precultures were
incubated 7 days' then podled. ~Ten mL of pooled preculture was
inoculated into each of five flasks containing 90 mL of SVA medium.
After 72 h of incubation, half the flasks had 2.0 uCi of 4C-methyl .
methionine added (Method A) and the other five had three additions of
0.66 pCi added at 72 h. (t=0 on graph) and where indicated by the arrows
(Method B). Samples were withdrawn from each flask, centifuged and
three samples of 0.2 mL of the supernatant were added to 10 mL bf
ACS™ gcintillant and counted for 14C activity. The averagé value from
the three counts for each sample-is shown.
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~sufficient quantities of the product. Scale-up usually involves culturing the organism in
increasingly larger fermenters. These fermenters may be of the stirred tank design which is
the most commonly used or one of the airlift fermenter designs which are moré.readily :
scaled up. Scale-up is usually carried out in progressive steps and these experiments

represent.@nly the initial stages.

39.1 Stirred -Tank Fermenter (10 L)

The stirred tank fermenter is the most commonly used design for industrial
fermentations. ’Stirr‘ed tank fermenters have .becn successfully dsed for cyclosporin
fermentations at the industrial level (Dreyfuss etal. 1976). A sidgle experiment was carried
out in a 10L Microferm™ stirred tank'fermenfer using T. niveurn UAMH 4594 and a
.‘sub-boptimujm mcdium &1.6% sorbose-1%casamino acids). The results from this
fcrmc?tation\ showed promise for scale up utilizing stirred tank fermenters. The results
pmsc:;;zcd in Figure 15 show increasing‘ cyclospofi_n levels for 17 days then a leveling of
production to the end of the fermentation. ‘The level of cyclosporins produced was not
high, only 30 mg/L but the relatlvc increase in cyclosporin levels was qu1te rapld mmally,
2.4 mg/l/day. This indicated the fermentation time might be shortened con51derably An
interesting feature of this experiment was that analys1s of the final homogenate revealed the |
actual cyclosporin level was 90 mg/L which was much higher than the 27 mg/L the day 59
sample showed. This dcmodsuated a problem in sampling the férmentation which was
also seen with the 2L fermenter (discussed later). The fact that most of the cyclosporin was
mycelium-associated and the samples contained pr0pomonally low biomass resulted in ,
‘reduccd cyclosoorm lcvcls in the samples. The fermentation produced reasonably hxgh '
levels of cyclosporm despite a suboptimal medlu_m and a very small inoculum (1%).

‘Addiﬁonally_, the casamino acids and sorbose were au}oclaved separately which had been

shown to yield lower levels of cyclosporin than alitoclaving fogether.
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Figure 15 Cyclosporin Production and pH of T. niveurn UAMH 4594 over Time
in a 10L Stirred Tank Fermenter

Precultures were started by inoculating 1.5 mL of a spore suspension

washed from a sporulating plate of T. niveurn UAMH 4594 into each of

three flasks. These precultures were incubated 10 days then pooled. One

hundred mL of preéulture wés used to inoculate a 10 L Microferm™

— fermenter. The fermenter contained 9L of 1.6% sorbose medium and 1 L

W/()f 10% casamino acids which was autoclaved separately then added to

U give a total volume of 10L. After inoculation, the fermenter was run at =~

200 r.p.m. and an aeration. of 3L/min. Samples (20 mL) were
periodically taken via a sample port and the pH and cyclosporin content
were determined. Loss in volume due to evaporation and sampling was
. replaced with distilled water. (NQ}e that the ethyl acetate extracts were
made up to 10 mL so cyclosporm levels are- shghtly decreased):
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The fungus remaine in a pcllctizéd mofphology throughout the fermentation due to
the small inoculum and high shear forces in th’e fermenter which also accounted for the
absence of growth on the-fermenter w_aﬂs. - The mycelial dry weight of the fermentation
was low, 2.2 g/L but this was likely duc in part to the small inoculum and the. poor -
mtrogcn source (casamino amds) An orange- brown pigment was produced whxch was

carried Lhrough the ethyl acetate extractlon but did not pass through the HPLC guard

- column fnts, indicating that the pigment was pamculatc. Nearly 750 mg -of crude

' cyclosporin was collected from two extractions of the fermentation concentrate (a5:1

conccntrauon by cvaporatmg water).

It appears that the 10L stirred tank fermenter may be v1able for cyclosporin

- producnon The fact that a'reasonably high level of cyclosporm' was produced in an

non opumlzcd system is prormsmg By usmg a superior carbon and mtrogcn source, the

, producuon in the 10L fermenter might be increased to commercially useful levels. -

'3.9.2 Draught Tube Alrhft Fermentexr (2 L)

'I'hc 2L LH™ airlift fermenter was .obtained ten months intggthe project and '

immcchatcly T. m,veum fermentations were camed out. The fermenter design was new to

* this laboratory as fungal fennentaams using external-loop airlift and stirred-tank fermenter

designs had been Gised prewiously. A number of probléms presénted themsélves and had to

be solved before comparative studies on cyclospoi'in production between shake flasks and

>

'fermcn_ters could be inidated. T. niveum UAMH 4594 was used initially, but UAMH

2472 was used after the fust cxperiments.

The initial cxpenments carried out in the fermenter quickly became contammatcd
thh anothcr hyphomycete (not identified) which grew so qulckly on the sorbose ;nedlurn
that fif8 downcomer channel became plugged with mycehum This pro,blexﬁ"was ’

occasionally encountered in later runs.” The chief accomplishment of the f;mjt fermcnter'
. ) -

N ) . 4

-
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runs’ was‘ finally obtaining a ‘fermenter which was run ’792 h (33 .dz'ly's") ‘'with no
contamination. The cyclosporin levels determined'in this oart*oular fermenter were never
high, the peak production was observed in a sample taken at 6 'days which contained 20
mg/L.. The cyclosporin production declined to zero in the samples by 33 days. However
when the contents of the fermenter were homogeni;cd, cyclosporin content was found'to
be 57 mg/L (specific production‘vv'vas 26 mg/g). The discrepancy between the sample
values and the final homogenate was puzzling and lead to an examinaton of the sampling
procoduro |

The first rigorous attempt to produce t:yclosporin in the 2L fermenter Wasthen .
carried out wnh a majority of the possible sources of error ident'iﬁed and standardizcd. A
2% inoculum from a 7-day-old proculuxre (T. niveum UAMH 2472) wa%fnoc‘ulatc.d into
the fermenter. Samples were withdrawn through the oample port, internal diameter=3.0
mm, after placing positive pressure on the vessel. The results showed there was a slow
increase in cyclosporin levels to 46 mg/L in 28 days-and then a rapid decline to 10 mg/L at

-46 days. The final homogenate had a cyclosporin cont!ent of 110 mg/L of which a
surprising quantity was found in the oulturc ﬂ‘uid (up to 33% of the total cyclosporin).-
This differenoo between the samples and final homogenate indicated the vsamplc data Was
not an accurate reﬂec'tion of thc fermentation. The pH of the culture in this cxpcrir cnt_
began at 5. 4 and after a short lag of 3 days mcreased in a linéar fashion to 6.2. Whether
this pH increase had any effect on the culture is unknown though it is mtercstmg that pH in

shake flask cultures remains quite constant throughout a fermcntauon (see 3.7.1).

As the samphng method had provcd to bc 1nadequatc a different approach was
undertaken. A suspension of 105 spores from the glyccrol stocks was inoculated into the
fermenter followed 12 h later by an addiu'onal 103 spores. The sporcs attached to the walls

of the fermenter completely covering the bottom third of the outer walls. This mycelia

continued to grow for 58 days at which time the mycelia was up to 1 cm thick on the y,valls
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(acrédon had been increased after attachment to circulate the nedium). The mycelium had a
cyclosporiﬁ content of 8.8 mg/g (wet mycelium) and t..is cyclosporin wés exclusively
cyclosporin A (e most hydrophobic class ordinarily produced). The‘liquid portion of the
culture héd 17.3 mg/L cyclosporin. Only 20-30% of the total mycelium was extracted.
One can see from these results that cyc}ospoﬁn production f’rom this type of "ﬂuidizcd-‘bed'; '
systcx;l was not signiﬁcan.tly'higher than any of the previous ferrhenter runs and was lower
' 'than Shakc ﬂask>culturcs. "I'_hc fluidized-bed approach did nét show much promise and was
not repeated. | ' | |

Experiments were carrie: Hut with a modified central draught-tube ;fcrrﬁénter
design. The modiﬁcation was suspe;lding the draught-tube from the top p'lax: 6f the
fermenter. Cyclospoﬁn was producgd in only trace amounts (<5 m‘g/L) and the
modification to the fermenter had little c}fcct on reducing mycelial attachment. The only
significant f_caturé of the‘sc fcrmemation; was the large am.'ou'nt of foam ‘produced‘ but
analysis of the foam for cyclosporins was not<carried out. Additional gxpcriments with the
- fermenter using differing inoi'ula failed to yield high levels of cyclosporin in either the
samples or final homogenates. The use o>f alginateA bcads in the férrnenter allowed good
circulation and little adhesion té the fermenter walls but the beads soon broke apart as the
alginate dissolved in the medium which had no added Ca** to stabilize the alginate (éee
3.4.3) |

The biggcst problem with these e;xperiments was accurate sampling. A'sample port
was built into the,top-plate of the LH™ fermenter so natumll;' this was used for sampling
- but the size of many of Lhe mycelial clumps and pellets exceeded the diameter #f the sample.
tube. The resulting sieveing effect restricted the samples to smali bits of mycelia and
culture fluid. This type of sample was not representative of the whole cuklture in the
fcfmcntef and sample data was viewed with this limitation in mind. - f

- From these experiments with the 2L airlift fermenter, several conclusions can be
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_ drawn. Firstly, Lhcvdesi'gn allows a large amount of hyphal attachment to the vessel's
internal surfaces. This attachment was reduced th()ugh not eliminated by silanizing the
vessel. Secondly, while in several experiments high cyclosporin levels were found in the
culture homogenate, the sam;il\es wcrc‘ ﬁ_ot_ always correspondingly high and cyclosporin
productibn was never a‘s high as shake flask cultures. These problems muSt be rectified in
order to carry out studies of cyclosporin production over time as was done for shake ﬂz;sk
cultures (see 3.9.4 for furthcr experiments comparing production in the 2L fermenter and

the 1L external loop fermenter). ‘ ;

393 External Loop Airlift Ferm’ente;' (1L)

J
The 1L external loop fermenter is a deSign which has been frequently used in this

laboratory for the production of chloropéroxidasc (Carmichael and Pickard, 1986). The
desig\r; had proved useful for the growth of both entrapped mycelia and fungal pellets. .Fivc
fermenters of this type were available for comparative studies on cyclosporin prbductioﬁ
by T. niveum.. There were no sampling ports in théese fermenters as was the case with the
LE™ 2L férmc_nter or the >I\/chrof<:rmTM 10L fermenter. Therefore the cycloéporin levels:
recorded were those of the culture homogenate. The number of experiments carried out
with this design was limited by availability of the fermenters.

The first experiment was"car'ried out using.1.6% sorbose medium—l% €asannno
acids and T. niveun UAMH 4594. The fermenter received a 2.5% inoculum (25 mL)
from a 72 h preculture which had been started from spores washed from a sporulating
plate. Airflow was kepttoa rnir;imum during the experiment. The fermenter was run for.
3] days then stopped and the contents homo‘génizcd and analyzed. The cyclosporin
~content of this final homogenate Was 55 mg/L (specific production was 32 mg/g dry
weight). Altﬁough the p’roduction,of'cyclosporin was not as high was-in shake flask

cultures, the specific productioniwas the highest specific production observed. However
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part of this high value nﬁght have been due to the long time period of the fermentation (31

days). This experiment showed that cyclosporin could be produced readily in the 1L

‘fermenter and at high specific production lc;/els. The natural devélopment would be to
increase the mycelial growth in thc fermenter. This might prove to be a problem as 2 large

percentage of the inoculum was blown out of the medium by air bobbles but by limiting

aeration to minimum this j)roblcm might\)e avoided. Several other experlimcms were

carried out with this fermenter design (see 39.4). |
After continued work with these fermenters, an experiment Was carried out to

foliow the production of cyclosporin in the airlift fermenter and compare that production to

shake flask cultures. Five similar 1L airlift fermenters and 11 flasks were inoculated at
10% with a 96 h. preculture of T. niveun UAMH 2472. The fermenters were all aerated

at the minimum necessary for circulation and the flasks were agitated at 200 pm. At?2, 4,

7, 10, and 15 days one fermenter and two flask cultures were harvested and analyzed for

cyclosporin content, pH ‘mycelial dry weight, sorbose content, and vitamin assay

casamino acids content. Additionally the foam from each fermenter was analyzed

separately for cyclospon'n content. The results (Figure 16) for the shake flasks closely :

followed those in Figure 11 where the sorbose and vitamin assay casamino acids were

rapidly taken up by the fungus and cyclosporin rapidly increased to a maximum of 128

- mg/L on day 15 (Figurc~16) In contrast the fermenter yielded almost no cyclosporin from
the extraction of the mycelial homogcnate Howevcr extracnon of the foam from each -
fermenter showed increasing quantmes of cyclosporm up to 101 mg by day 15 (foam
included the mycelium which had been carried from the medium by the rising air bubbles).
While this was lower than the production observed in the shake flasks ;his cyclosporin was
much easier to recover, the foam could be :zkimméd off the top of the medium and extracted
rather than homogenizing and extracting the whole culture. That such a large quantity of

cyclosporin was produced by the fermenter cultures was surprising as the sorbose and

~
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Figure 16

Comparison of T. niveum Growth and Cyclosporin Production in“Shake

“Flask Culture and in a 1L Aiﬂift Fermenter

B4

Eight flasks containing 100 mL of SVA#medium were each inoculated
with 108 spores of T. niveun UAMH 2472 from glycerol stocké,
incubated 96 h and pooled. Five 1L external loop airlift fermenters
containing 1L of SVA medium were each inoculated with 100 mL of
preculture. These fermenters were all incubated at 22°C with a minimum
of aeration. Eleven flasks each containing 100 mL of the sorhose medium
were inoculated with 10 mL of pfeculture and incubated at 27°C. One
culture was harvested at time=0 h and used as start peint for both
fermenter and shake flask curves. At days 2, 4, 7, 11, and 15 one
fermenter and two shake cultures were harvested. For the last four
fermenters analyzed, the cyclosporin content of the foam and mycelium
blown out of the medium was determined. The fermenter results are
shown in the top graph and the shake flask results in the bottom graph.
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vitamin assay casarhino acids were not take}n up as quickly as in the shake flask cultures.
This reduced uptaké of nu‘tn'ents may be indicativé of reduced metabolism in the
fermenters. o

In conclusion it can Ee seen that the 1L airlift fcrménter allowed considerable
cyclosporin production in spite of low mycelial growth. The discovery of the high
cyélosporin content of the foam portion of the culture places conclusions drawn earlier
regarding fcrméntcr production in question. The problems with sampling may have been
reflective of the fact that most of the cyclosporin was in the foam and could not be sampled
from a sample port 5 cm under the surface of the medium. This must be.investigated
further with the 2L as well as the 1L airlift fermenters. The objective for further
experiments with the 1L airlift must be to increase mycelial growth in the fermenter and to
reduce aggregation of the mycelia within the fermenter. The addition of j.unlon or hostacerin

which have increased filamentous growth in other fungi (Jones er al. 1988) may facilitate

these objectives.

3.9.4 Comparison of Fermenter Designs -
The chief objective of the following expériments was to compare T. niveum
growth and cyclosporin production in the 1L and 2L fermenters in paralleql experiments

with that in shake flask cultures. Precultures of T. niveun UAMH 2472 which were

'started with 108 spores and incubated 96 h were used to inocuiate three 1L airlift

fermenters, thrcg shake flasks, and the 2L airlift fermenter cor.aining 2% sorbose
med’ium-l%'vimmin assay césarpino acids using a 3% inmdup. The shake flask cultures
were incubated 15 days, the 2L airlift Was acrated 8 days béfore the downcomer became
plugged ‘with mycelium, and the 1L airlift fermenters were aerated for 21 days. The -
cyclosporin production of these cultures is given in Table 16.

\

The uptake of sorbose and vitamin assay casamino acids was not deterrﬁn;')\ed for
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Table 16 Cyclosporin Production in Fermenters and Shake Flasks

Mycelial Dry Cyclosporin Specific Cyclosporin
Weight (g/1) Prod, (mg/L) Prod. (mg/g)
Shake Flasks 8.5 164 | 19
2L airlift 3.2 9 3
54 105 16

’ 1L airlift

Precultures were started with 108 spores of T. niveun UAMH 2472 in 100 mL of SVA medium.
These precultures were incubated 96 h. 3% inoculations were made into triplicate shake flasks, triplicate
1L fermenters, and one 2L fermenter all containing SVA mediu{n. The fermenters were aerated such that
the mycelia was just circulating whille the shake flasks were agitated at 200 rpm. These production flasks
and fermenters were incubated for 15 days and the shake flasks were made up to volume with distilled water.
The cultures were homogenized and analyzed.
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any of the cultures. The higher cyclosporin levels observed in the 1L fermenter may be due
to the increased fermentation time of 21 days '(compared to 15 days in Figur_e 16). This
tvpe of experiment should be 'repeatcd to confirm the findings here and to investigate the
relationship between nutrient uptake and pfégress of the feﬁnentation (compared to time

course data). It might show that sorbose content or mycelial dry weight may be indicative

L
of the progress of cyclosporin production.

| Another experiment was carried out comparing the two designs of airlift fermenter
but with a different perspective. Rather than inoculating preculnires which were growing
as filamentous mycelia, pellets from precultures were inoculated. ( These pellets were
incubated 15 day.s thén the pellets were transfcrr_ed_, to shake flasks for 5 days while the
fermenters were cleaned, silanized, and sterilized. At this point the beads were again
weighed and replacca into the fermenters. The fermenters were then run an additional 42
days and harvested. The resuits of this experiment are not be presented because the pellets
did not contain any cyclosporin. Analysis for cyclosporins was negative though a number
of other compounds which fnight have been breakdown products of cyclosporin were ‘
obsc_rvéd. The lack of cyclosporiﬁ may be related to the length of the fermentation or the
morphology of the fuﬁgus.. The pellets which were finally harvested were large in diameter
(1 cm) but were hollow, the centre of the pellets had lysed, likely due to oxygen
deprivation. Only the outer edge of the pellets (1-2 mm thick) was actually mycelium. The
wet weig'hts( of the pellets increased throughout the experiment but whether the mycelial
weight, dry mycelial weight iﬁcreased accordingly was unknown. These pellets were 8%
mycelium by weight, the remainder was water. Therefore one can conclude that under the
conditions used, pellets were not useful forthe production of cyclosporin and the only
cyclosporin produced was from the mycelia sheared off the pellets in the shake flasks

between fermenters.

The conclusions which can be drawn from these experiments are quite
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straightforward. The 1L airlift fermenter design was superior-to the 2L dcsién for both
mycelial growth and cyclosporin production. cIn most experiments the” 1L production
values were just slightly lcés'than the shake flask control values. The 1L design was
Conveniént to use and presented fewer problems than the 2L design in term of sterilization,
inoculation; and mycelial adhesion. In the future, experiments with these fcrmcmcrs

should focus on increasing mycelial growth and enhancing ﬁlamemous growth



Chapter 4: Discussion

Cyclosporin fermentatiens have not been weLl described in the literature:
developments 1n the microbiological aspect of production have been few. From the initial
report of cyclosporin discovery by Dreyfuss et al.(1976) to the start of this project in fall of -
1985, only five reports had been published»_describing thé methodology involved in
prodlfx‘c“ing cycfosporins. These five papers, three from workers at Sandoz Ltd., describe a
number of media and strains of T. inflatum which were mutants derived from the ﬁarem
NRRL 8044 strain. Only Foster et al. (1983) used the parent NRRL strain. and high‘
cyclosporin production was achieved, 200-1300 mg/L, but no other results have been
publishzd since their 1983 paper. Cyclospoﬁn production in all these papers was in the
range of 150-300 mg/L 'fdf.confrol cultures and up to ‘75.0 mg/L in.directed synthesis
experimenfs but no indication of reproducibility of these.values was given. Therefbre a
project to optimize the preduction ef cyclosporin must start essentially from the data of
Fo;fer et al. (1983) as this work used the parent T. inflaturn 'NRRL strain and not the
mutant strain of the Sandoz workers. |

In the two years since the start of this project only two papers dealing with the
microbiological aspects of cyclosporm production have been published, both from the
* group led by S Agathos (Agathos etal. 1986 and 1987). These two papers deal primarily
with screening a large number of carbon and nmogen sources for cyclosporm production.
The findings which have been.published are a reflection of the work they have been
allowed to publish subject to the approval of their funding source (personal communication
to M.A. Pickard). However beyond this no other microbiological papers have been
published on cyclesporin production by Tolypocladium sp. This presents the problem of
having no 6xtemala°guide asto methc:dologi_es which hgve worked for bther researchers so

all development must come from within our lab.

121
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Development of .'methodology must start at some point so a number of assay
procedures were looked at for both detectung and qua.ntifying cyclosporin levels. A
bioassay which used inhibition of sporulation of A. rtiger by cyclosporin as the indicator
was examined. It was found however that this method, which was ccrtaini_y qualjtatively
" indicative of cyclosporin activity, was not even semi-quantitative. Probletns were also
found with the assay relating to handling large numbers of A. niger 'spores. Other assay
systems which had been used for cyclosporin quantitation included an RIA and HPLC '
-an_alysis. The RIA was commercially available and is specific for cyclosporin A which is:
the only therapeutically used class of ~~losporin. The RIA had also been found to
overestimate the quantities of ‘cyclosporin compared to HPLC analysis likely as the assay
was.also cross reactive fer metabolites of cyclosporin A (Carruthers etal. 1983). The final
method, HPLC analysis, had few dtawbacks other thaxi aecess to an HPLC. For the first
eight months of this prt)jeet this access was limited to part-time use until an HPLC was
purchased for cyclosporm determinations. Therefore experiments were often limited unttl

_the results of precedmg expenments were obtamed.

The initial expenments carried out were found to have a large degree of variability

, both between the strams bemg tested ‘and duplicate flasks of these strains. Desplte this
vanablhty it was obvmus Lga' ‘b ® »"RL strain of T. inflatum was one of the poorer

& . . . .
cyclosporm-producmg strams-;w %ﬁore a comparison of all available strains if

To)lypocladium Sp: was mzvide.v"FNie{ﬁ"'strains of T. _ni'vgum were found to produce
cyclosporin in s_igniﬁcantly higher quantities than five other strains of T niveun -and the
T. inflatum strain. One of these five strains, UAMH 2472, was then used to optimize the
methodology inVofved in producing cyclosporin.

The first dlfficulty arxsmg was the isolation asporins from the culture
Extracuon with an organic solvent was the procedure previc usly fol. l.owed in the hterature

but a number of solvents had been used including butyi acciate, ethyl acetate, and
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‘methanol. A comparison between these showed ethyl acetate the best solveﬁt‘ for this
purpose. Quantiﬁcatior;‘ of cyclosporin in the ethyl acetate ‘was carried out by HPLC
a;alysis and proved to be both reproducible and efficient though quite time-intensive. Each
analysis required 10-15 minutes to complete and was done in duplicate therefore a single
sample required up to 45 min for ana}ysis. The inoculum for production has been
optimized from a prcculturc inoculum of 108 spores/100 mL SVA medium and a 96 h
, incubau’on time bcforc'a '10%. inoculum of prccﬁlture into wie production flasks. The SVA
mcdium has also been optimized fot cyclospoﬁn production. The results of many

experiments show that SVA medium ( 2% sorbose , 1% vitamin assay casamino acids, 1%

KH,PO,, and 0.5% KCIl) was best for cyclosporin ﬁ'oduction. This medium is much

simpler than the media used prcviousiy.in the litefaturc. Once these problems had been
' chr(:omc by optimizing conditions for-c%‘closporin production, k‘the nine strains of 7.
niveumn should be screened agaih to find the highest producers of cycibsporin and the
- growth curve éxperimcnts repeated if new strains of T. niveurn show themselves as the
highcsf producers of ,cy_ckzspl;rin. {

1 A number of conclusions can be drawn from this research. The most important is
that cyclosp’orin can now be produced from several strains of T. niveun in high and
reproducible qﬁantities. The strain most often used in the literature, T. inflatum NRRL
8044 still produced only small quantities of cyciosporin even after the conditions had been
optimized for cyclosporin production. The. medium which result’ed‘fr.om optimization for
cyclosporin is much simpler than that usei' by Kobel and Traber (1982) §vhich included -

£y
sucrose, malic acid, ammonium, vitamins, ang trace metals.

a0

Several carbon sources have been shown to support 7. niveum growth and
cyclosporin production including sorbose, fructose, and to a lesser extens gl}yé)seﬁ It
- appears that the complex nitrogen source is more impc..tant for the pruduction of

v 3 v
cyclosporin than the carbon source. Vitamin assay casamino 5 have been show to be
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the best nitrogen source available though high cyclosporin yields were obtajned in the inidal
experiments using casarnmo ac1ds Later experiments with casamino ac1ds yielded only
low cyclosporin producnon This mscmpancy cannot be readily explained and as the bottle
and lot number were not recorded at that time, the explanation will likely not pe
forthcoming. The reason for the higher cyclosporin production on vitamin assay casamino
acids than on casamino acids is at present unknown. The biggest differences between
casamino acids and vitamin as;e_y gasammo acxds besides the obv1ous fact that there are no:
vitamins in vitamin assay casamino acids, are the salt content and the higher content of
aspartic ae’iﬁd glutamic acid, proline, serine, and alanine in vitamin assay cas'amino*aeids
In addition vitamin assay casamfino acxds have been shown to contain oleate and sterate
which are growth factors in some organisms (Nolan, 1971). The casamino acids have 10%‘
total nitrogen, 14% NaCl, and 20% ash with only 5% glutamic acid and 0.5 % aspartic acid
- of the total amino acids while the vitamin assay casamine acids have 7% total nitroge“n,
38% NaCl, 41 % ash with 15% glutamic acid and 5% aspartic acid (Nolan & Nolan
1972). Whether these differences are the reason for the improved cyclosporin yields is
unclear further expenments mvolvmg supplementauon of casamino acids with aspamu
acid, glutamic acid, and proline w1ll be carried out to determthe the reason for the superior
productlon on vitamin assay casamino acids. \
Production of cyclosporin in several designs of bench top fermenters yvas'carried
l'out but cyclospoﬁn production levels varied both between fermenter designs and duplica[e
runs. However the 1L external loop airlift fermenter appears te shdw the most promise for

further experimentation. The desigh is the simplest of the three used and yielded the most

consistent results. The stirred tank fermenter and 2L draught-tube fermenter did not show

much promise due to ‘lack of availability of the former and inconsistent results from the -

latter. As optimization of cyclosporin production by altering the medium continues these

.

developments should be used to make fermenter production of cyclosporin a more viable

X
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undertaking. |
'I'he.procedune in extractin g the cyclosporin involved extracting a sample of whole
‘cultui'e myc‘el‘ia and liduid to ensure all the cyclosporin in the sample was accounted for.
[n related )work it was fo und‘thet the ratio of cell assocxated cyclosporm to soluble
cyclosponn varled over ume f"'rom.day 1-10 of a fermentation the cyclosporin was over
90% cell-associated. However after this time an mcreasmg percentage was found in the
" liquid phase of the culture. In an extreme instance, a 2L fermenter had 30% of its total
cyclosponﬁn in the liquid phase of the culture after thlrty days The i mcreasmg quantmes of
cyclosporm found in the liquid phasé may be due to breakdown of the mycelium after
active growth has stopped. If the cyclosporin is mtracellular or cell-associated then 1ys1s of
" the mycelium would make the cyclosporin more avallable for dlssolutmn in the medJum :
That such a high percentage would dissolve in the medium is unexpected due to the
hydrophobic nature of the molecule and its }nsolubxhty in water alone. This hydrophobic
nature.might be'exploited in fermenter produc_tion where in one instance the foam and
mycella Wthh collected at the top of the 1L fermenter had a very high cyclosporm content
(100 mg of cyclosporm in the foam) whlle there was virtually no cyclosporin found in the
culture, either cell-associated or .solublcz.J Because of the uncertainty in the location of the
&yclosporin, the whole culture was routindly extracted. -

Cyclospo’rin production has been repi)rted as total cyclos_nofin in the culture.
However this value is the sum of the three-ordinarily obser;:d clnsgjeéﬂof cyclosporin. The
ratio of these crl'asses is _t'ypically 66:10:24 for cyclosporins AB C tnough slight variations
may occur In general the 65-70% of the total Cyclospoﬁn .reported can be considered
cyclosporin A. The elution times of the cyclosponns vaned as the column aged, elution
times shortened untl resolution of peaks was no 1onger clear at which point this column

was replaced 'I‘he elution time for cyclospor;n *A the last class to be eluted from the

reverse phase colurnn was typically from 7 10 minutes. Thereforc only 3-4 samples could
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be analyzed per hour as there was an’ interval reqnired for the detector to return to ttaselineﬁ.
Separétion of the three classes of .cyclosporins was good, penk resolution never became a |
problem. " If the peak areas varied between, duplicate injections by more than 5 10%
repeated injections were made unt11 the peak areas were both reprod,ucxble ‘and in
agreement. As described the bioassay was useful only as an indicator of cyclosponn
activity, further work would be necessary to develop a quanntauve assay from this actlvxty
The m- modology 1nvolved for extracung and quanufymg cyclosponn production - |
has been rigorously exammed The values obtamed from the extracnon and HPLC analysis

have been shown to bé representauve of the cyclosporm conte‘nt«of the cultune. However

! <

there is inherent variability in,cyclosp rin production Tpetween replicate flasks. This
varfability led to the use of multlple' flasi%aehﬂpenment Undil the vanablllty had
been reduced each experiment was carried out,using qumtupllcate flasks, lrmmng the
number of experiments which could be carrled out dug to the availability of ¢ equipment and -
.the length of ané.lysis d? each sample. Once there was gof)d ag:reement between replicate
samples and to expedite the research the number of rephcate flasks was reduced to three. ¥
There appears to have been no problem using triplicate flasks but there is mherently less :
confidence in the values obtained. The variability between replicate flasks made analysis of ,
the results difficult asbin many cases the range of two groups of flasks would boverlap. To :
aid in analysis, Duncan's Multiple Rnnge test was used on the datzj,i-to find statisticul
differences between groups of data. This proved valuable in determining if a certain.
\ treatment improved cyclosporin production compared to the ccntrol ‘.and. if the dif ferences
were significant.: ° - | a

In conclusion it should be stated that the rationale for tltis study wafst\*to elucidate the
cyclosporln production of T. niveum which have not been descnbed as producers.‘ This

production could not be properly determined until methods for the detection of cyclosporin

had been found and possibly improved. The literature provided little assistance in this
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matter. ;In many cases descriptions of methodologies lacked the detail necessary for
duplicntion of these experiments. | Considering the economic factors involved in
cyclosponn producuon t}us reluctance to release details of its producuon is understandable.
Therefore the ma;onty of methods used in this study, if not developed from scratch, had to
be thorou ghly tcsted to determine their vahdlty before they could be confidently used.
Thcre are a gneat number of avenues future studies could follow. Continued studies
into opmmzauon of the growth medium, especially with regard to the nitrogen source.
The supplementanon of casamino acids with aspartic acid and/or glutamlc acid and/or
prohne may result in an increase in cycI'osporm producton. The reasons for the difference
in cyclosponn production between casamino acids and vitamin assay casamino acids
should be resolved. Possibilities for this dlfference range frorn the increased salt
concentratlon to even the higher ash content. Some fungi have been shown to requ1re the

ash component of these casein hydrolysates for growth (Nolan and Nolan, 1972) Though

several carbon sources have been shown to yield high’levels of cyclosporin, the rapid

" _ uptake 'of sorbose and the concurrent producuon of cyclosporin with i 1ncreas1ng mycehal
weight suggests_that a two-stage feeding of the culture might result in higher final
'cyclospon'n production. This had been-observed by Agathos et al. (1986 and 1987) in

“fed-batch cultures using sorbose then adding maltose to yield higher cyclosporin

production levels. This two-stage feeding might include addition of carbon source or

~ nitrogen source to growing cultures. Supplementation of the medium with constituent

amino amds has bcen shown to direct synthe51s of cyclosponns as well as increase the final

‘;

' producuon (eg. L valme)

This might be pursued further with the supplementation to include several amino
acids added to a culture. The results of the two strategies of medium supplementiation
suggest that cyclosporin production can be increased and/or directed by adding subs@ituent

. 3 . . . ) - . I3 v~
amino acids. The addition of an amino acid such as L-valine both increased cyclpspogin
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production and directed synthesis to cyclosporin A. This is the desired effect of
supplementation. Whether this supblemcntation is cornri;ercially viable or can be repeated

requires further investigation a§ do the effects of adding several amino acid to the cultures

or acetate to expedite formation of thef?&ﬁninﬁo acid L-C9 should be investigated. However
supplementation with methyl donof?‘h;ﬁ“yielded no increase in cyclosporin production.
Cyclosporin might also be mcreased by rcmoviqg &am components of the medium.
Future studies might also deal with feﬁncntcr production of cyclosporin. Work
%‘%th the 1L airlift fefrnenter has been promising both in quantity of cyclosporin preduced
as well as ease ih recovering the product. The slow uptake of sorbose and vitamin assay
casamino ;acids! presents the question of whether the fermenter cultures would take up these
nutrients over a longer pcﬁod of time and if cyclosporin levels would concurrently
increase. Also the low myce‘iial growth in the fcﬁncntcr might be increased by a larger
inoculum which might alsqiipcrease the rate of sorbose and vitamin assay casamino acids
uptake. These questions rc;hain to be investigated.- Fermenter production of cyclosporin
should not be ‘the main thrust of research until the "othcr areas, including medium

optimization have been completed.
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