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The previously reported'® inability of methionine to stimulate cephalosporin C
production in a cysteine auxotroph is due to cysteine interference with methionine
uptake. In such a case, ‘illicit transport’’ of alanylmethionine can be used to
demonstrate the efficacy of methionine in such mutants blocked in the path from
methionine to cysteine. This result supports the hypothesis that the stimulatory
activity of methionine is not due to its ability to donate sulfur to the cephalosporin
C molecule.

Cysteine is the immediate precursor of cephalosporin sulfur, but methionine can also con-
tribute its sulfur atom®*¥.  Although the passage of sulfur from methionine to cephalosporin
C most probably goes through cysteine (Fig.

Fig. 1. Probable pathway of sulfur in Cephalos-

porium acremonium.

cysteine as a stimulator of cephalosporin for- The double bars indicate probable sites of
genetic blocks. The early block in one of the
reactions between sulfate and cysteine is pre-
sent in both parent strain 274-1 and its mutant
some effect on regulation and/or differentia- H. The block between cystathionine and
cysteine is present only in mutant H.

1), methionine is much more effective than

mation. Our hypothesis is that methionine

does not stimulate by sulfur donation but by

tion. We have recently presented data ob-
tained with sulfur auxotrophs”® showing that  S03” ——] |— L-Cysteine > — — — Cephalosporin C

Cephalosporium acremonium has an obligatory R TTRNY.

requirement for methionine for cephalosporin
L- Cysfathlomne

C formation even though pathways were open
from sulfate or cysteine to cephalosporin C. % }\
Pyruvate Serine

We interpret this to mean that methionine
L- Homocysfeme

must be made or fed in concentrations over
and above that required for growth to turn $
on antibiotic production. Our data® showing L-Methionine

that norleucine, which contains no sulfur, can
substitute for methionine as an effector further supports our hypothesis.

A consequence of the effector hypothesis is that methionine should be able to stimulate
antibiotic synthesis in a mutant blocked in reverse transsulfuration i.e. in a mutant which can
not convert methionine to cysteine. In a recent publication, NUEscH and coworkers'® reported
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that in such a mutant, methionine has no effect. Although this result appeared to dispute our
hypothesis, we were concerned with the technical aspects of the experiment. The mutant is a
cysteine auxotroph and must be fed cysteine along with the methionine being tested.  Since
cysteine is known to interfere with methionine uptake in C. acremonium (NUEsCH, personal
communication), we wondered whether methionine even entered the cells in the above experi-
ment. Since the mutant was not available to us, we prepared a similar auxotroph and studied
its response to methionine. The present paper shows that the inactivity of methionine is due
to cysteine interference, which can be bypassed by using the technique of “illicit transport” of
methionine peptides; with such a manipulation, methionine stimulates cephalosporin formation
in the blocked mutant.

Materials and Methods

Cultures and culture maintenance

Cephalosporium acremonium strain CW19 was obtained from Eli Lilly and Co. This strain
is prototrophic and capable of producing about 1,500 pg of cephalosporin C per ml of medium
when grown in a complex madium or about 400 pg/ml when grown in a defined medium.
Mutant 274-1 was obtained after UV irradiation of strain CW19 and is presumably blocked in
conversion of sulfate to cysteine as previously described.® It will not grow on sulfate as the
sole sulfur source but will grow on cysteine, cystathionine, homocysteine or methionine. Mu-
tant H was obtained after S-fluorodeoxyuridine enrichment of survivors of mutant 274-1 ir-
radiated with UV. Mutant H, an obligate cysteine auxotroph, is a double mutant presumably
blocked in conversion of sulfate to cysteine and in conversion of methionine to cysteine.

Strain CW19 was maintained on agar slants containing 1/10 strength LEPAGE-CAMPBELL
medium?!%.'®,  The 1/10 strength LEPAGE-CAMPBELL maintenance slopes were modified to sup-
port growth of the auxotrophs by addition of 1.0 g/liter of either L-methionine (274-1) or L-
cysteine (H).

Fermentations

Seed development and fermentations were conducted as previously described”. The basal
medium used for fermentation was that of DREw and DEMAIN” less methionine. In the pre-
sent work, the concentrations of the amino acids added to this medium are given in the figure
legends.

Microscopic examinations of fermentations were routinely performed. The contents of a
particular flask were examined at 970 X magnification for bacterial contamination at the time
of collection of each datum point. In addition to optical checks for microbial contamination,
the auxotrophic cultures were checked for reversion by nutritional response on the pertinent
agar media. These reversion checks were performed using mycelia from flasks sacrificed for
data points.

Auxotrophic culture H proved very susceptible to spontaneous reversion. In this situation,
many seed flasks were inoculated with culture H and their contents tested after two days for
reversion. By the end of the third day of seed growth, it was possible to identify those flasks
likely to contain revertants. Only those seed cultures free of revertants were used to inoculate
the production media.

Isolation of mutant H by fluorodeoxyuridine selection

We found it quite difficult to obtain a mutant blocked in reverse transsulfuration. Many
attempts were made by replica plating after mutagenesis to isolate a mutant responding only
to cysteine from parent 274-1, which grows on either methionine or cysteine. A method
devised by C.H. NasH (personal communication) and suggested by him finally led to success.
Conidial preparations from slants of mutant 274-1 were obtained and subjected to UV irradia-
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tion as previously described®. The conidia were then transferred to a swelling and germina-
tion medium containing 0.1 % L-methionine. This medium contains (per liter) 0.1 g glucose,
3.0 g ammonium sulfate, 9.0 mg magnesium sulfate, 2.0 g monobasic potassium phosphate, 1 g
L-methionine, adjusted to pH 4.5. The conidia were allowed to swell for 12 hours without
shaking (room temperature). After incubation, the pH was raised to 7.5 and 1mg 5-fluoro-
deoxyuridine per ml was added. The cells were incubated for 6~8 hours to allow germination
and then plated onto complete sporulation agar'® after appropriate dilution. This technique
exerts a strong selection pressure for mutants which cannot metabolize methionine to cysteine
since germination of other phenotypes leads to death by incorporation of fluorodeoxyuridine.
Assays

Determinations of cephalosporin C and dry cell weight were as previously described?.

Results

Lack of Methionine Response by Mutant H

Throughout our studies of methionine stimulation of cephalosporin C biosynthesis, we have
strived to distinguish between methionine’s effect as a precursor of cephalosporin sulfur and its

probable role as a regulator of antibiotic synthesis. The most critical question asked in the

present studies is the following: can methionine stimulate cephalosporin C production in a cul-

ture which cannot convert methionine to cysteine, the latter being the direct precursor of ce-

phalosporin sulfur? Culture H was obtained as a single step mutant from its parent strain

274-1 which is blocked between sulfate and cysteine. Mutant H is thus a double mutant

blocked both in conversion of sulfate to cysteine (like 274-1) and in conversion of methionine
to cysteine i.e. in reverse transsulfuration (Fig. 1).
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Mutant H will not grow on methionine,

on cysteine; the parent grows on any of the

Fig. 2. Lack of methionine stimulation of cepha-
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cysteine inhibits the growth of a methionine auxotroph.

To prove that the ineffectiveness of methionine was due to cysteine interference with me-
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thionine uptake, we went back to culture 274-1, the parent of mutant H. We had earlier
shown that 274-1 produces cephalosporin C when growing on methionine or cysteine (although
methionine is much more effective). In the

present experiment, we combined both and Fig. 4. Alanylmethionine stimulation of cepha-
losporin C production by parent culture 274-1

found that cephalosporin C production was 3 a
in the presence of cysteine.
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thionine, and lower than production than pro- thionine, 3.0 g/liter; r-cysteine, 3.0 g/liter; DL-
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cannot be detected in the presence of cysteine.

Response to Methionine Peptides

Since mutant H requires cysteine for growth, we were presented with the difficult task of
maintaining cysteine at a high enough level to permit normal growth but low enough, if pos-
sible, to permit unrestricted uptake of methionine. We felt that an easier solution to our pro-
blem might lie in the use of peptides of methionine. In some cases, amino acids which are

13

not taken up by cells can be “smuggled ” past the permeability barrier by using a dipeptide
containing the amino acid in question. This “illicit transport” approach has recently been used
with success by several workers'.®. Before testing this approach with mutant H, we checked
it on the parent, 274-1. We were pleased to find that alanylmethionine stimulated cephalos-
porin C synthesis in the presence of cysteine to the same level as observed with methionine
in the absence of cysteine (Fig. 4). We also checked the effect of alanine; it had no complicat-

ing effect. This shows that the effect of alanylmethionine is due to its being a dipeptide of
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methionine, not to its content of alanine. Thus, alanylmethionine uptake, unlike that of me-
thionine, is not restricted by cysteine.

We next examined the response of mutant H to the dipeptide. DL-Alanyl-pDL-methionine
was added to defined fermentation medium containing 3.0 g/liter L-cysteine and examined for
its ability to stimulate antibiotic production by mutant H. The experimental data with mutant

H is shown in Fig. 5. Alanylmethionine overcame the control of transport by cysteine and

Fig. 5. Alanylmethionine stimulation of cephalosporin C production by mutant H.
Concentration of amino acids as in Fig. 4.
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stimulated production of cephalosporin C. Once again free DL-methionine was unable to stimu-
late antibiotic production in the presence of cysteine. Furthermore the presence of free DL-
alanine did not alter the pattern of antibiotic synthesis. Glycyl-pDL-methionine was also tested
for its ability to stimulate cephalosporin C biosynthesis in mutant H; the stimulation obtained
was identical to that observed with alanylmethionine. Since alanylmethionine acts as a source
of internal methionine in parent culture 274-1, it is logical that the stimulation of cephalos-
porin synthesis observed in culture H must be due to an increased internal methionine concen-
tration.  Since methionine cannot be metabolized to cysteine (the direct precursor of cephalo-
sporin sulfur) in this mutant, the stimulating role of methionine in C. acremonium is definitely
not due to its role as a precursor of antibiotic sulfur.

Discussion

The role of methionine in stimulating cephalosporin C biosynthesis in Cephalosporium has
been an elusive topic of study for many years. Certainly the sulfur of methionine is transferred
to cysteine, the immediate precursor of cephalosporin sulfur. In fact, studies with Cephalosporium
and other fungi suggest that methionine is preferred over sulfate as a sulfur source.?? 215,19
It is thus not surprising that several workers have concluded that methionine’s role in stimula-
tion of antibiotic formation is that of a donor of sulfur to cephalosporin C. Our work how-
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ever indicates that methionine has a stimulating effect on cephalosporin synthesis that is divorced
from its role as a precursor of sulfur. The ultimate test of this hypothesis had to involve a
way of separating the known precursor role of methionine from any other effects. The present
experiments with mutant H, an obligate cysteine auxotroph, accomplishes this objective by
eliminating methionine’s role as a donor of sulfur for antibiotic synthesis. =~ The experimental
data clearly show a unique, non-precursor role for methionine stimulation of cephalosporin C
biosynthesis.

NUescH and coworkers'® presented data indicating that in a mutant obtained by them
which could not metabolize methionine to cysteine, cephalosporin C formation did not respond
to added methionine. They suggested that methionine acted only as a precursor of cephalos-
porin sulfur but were puzzled by the ineffectiveness of cysteine, the immediate sulfur precursor.
Since these workers have subsequently shown that cysteine both inhibits and represses methionine
uptake by C. acremonium, it is evident that methionine did not enter the mycelium of their
cysteine auxotroph and therefore they were unable to observe methionine stimulation of cepha-
losporin C biosynthesis. The use of methionine-containing dipeptides in our experiments with
mutant strain H eliminated this problem and resulted in our observation of a definite
methionine-mediated stimulation.

Although methionine serves at least two roles in antibiotic production by Cephalosporium,
the exact nature of the non-precursor role is still unknown. The hypothesis that methionine
is a regulator of antibiotic synthesis is.supported by the stimulatory effect of its structural
analog, norleucine®. If indeed methionine acts as a regulator, then stimulation of antibiotic
synthesis should be dependent on internal methionine concentration rather than the amount of
methionine metabolized by the cell. 1In this situation, genetic or environmental alterations
which increase the internal methionine concentration should also increase antibiotic production.
Experiments to accomplish this goal are now underway.

Acknowledgements

The authors are indebted to CLAUDE H. NasH of Eli Lilly and Co. for suggesting and describing
the fluorodeoxyuridine enrichment technique used in isolating culture H. We also gratefully acknow-
ledge the support of this research by Public Health Service Research Grant AI-09345 from the National
Institute of Allergy and Infectious Diseases and by National Institutes of Health Training Grant, Bio-
<hemical Engineering, 5 T01 ES00063-07. VIRGINIA N. ScoTT provided valuable laboratory assistance.

References

1) AmEes, B.N.; G.F. Amgss, J.D. Young, D. TsucHiyAa & J. LEcocq: Illicit transport: the oligopep-
tide permease. Proc. Nat. Acad. Sci. USA 70: 456~458, 1973

2) BrADFIELD, G.; P. SomerrIELD, T. MEYN, M. HorBY, D. BaBcock, D. BRADLEY & I. H. SEGEL:
Regulation of sulfate transport in filamentous fungi. Plant Physiol. 46: 720~727, 1970

3) CALTRIDER, P.G. & H.F. Niss: Role of methionine in cephalosporin synthesis. Appl. Microbiol.
14: 746~753, 1966

4) DeMAIN, A.L.; J.F. Newkirk & D. HEnpLIN: Effect of methionine, norleucine, and lysine deriva-
tives on cephalosporin C formation in chemically defined media. J. Bact. 85: 339~344, 1963

5) DRew, S.W. & A.L. DEmMAIN: Methionine control of cephalosporin C formation. Biotechnol. Bio-
eng. 15: 743~754, 1973

6) DREw, S.W. & A.L. DEMAIN: Regulation of secondary metabolism by primary metabolites. Proc.
First Intersect. Congr. Internat. Assoc. Microbiol. Soc. (IAMS), Tokyo, Japan, in press, 1975

7) DreEw, S.W. & A.L. DEmMaIN: The obligatory role of methionine in the conversion of sulfate to
cephalosporin C. Eur. J. Appl. Microbiol. 1: 121~128, 1975

8) DREw, S.W. & A.L. DEMAIN: Production of cephalosporin C by single and double sulfur auxo-
trophic mutants of Cephalosporium acremonium. Antimicr. Agents & Chemoth. 8: 5~10, 1975

9) FickeL, T.E. & G. GILVARG: Transport of impermeant substances in E. coli by way of oligopep-
tide permease. Nature. New Biol. 241: 161~163, 1973



VOL. XXVIII NO. 11 THE JOURNAL OF ANTIBIOTICS 895

10) LemkE, P.A. & C.H. NasH: Mutations that affect antibiotic synthesis by Cephalosporium acremo-
nium. Canad. J. Microbiol. 18: 255~259, 1972

11) LePaGe, G.A. & E. CampBELL: Preparation of streptomycin. J. Biol. Chem. 162: 163~171, 1946

12) NUEscH, J.; H.J. TREICHLER & M. LierscH: The biosynthesis of cephalosporin C. in. Z. VANEK,
Z. HosTALEK, & J. CUDLIN (editors), Genetics of Industrial Microorganisms; Actinomycetes and
Fungi. pp. 309~344. American Elsevier, New York, 1973

13) Ort, J.L.; C.W. Gopzesk1i, D.E. PAVEY, J.D. FARRAN & D.R. HorToN: Biosynthesis of cephalo-
sporin C. I. Factors affecting the fermentation. Appl. Microbiol. 10: 515~523, 1962

14) TrowN, P. W.; B. SMiTH & E.P. ABRAHAM: Biosynthesis of cephalosporin C from amino acids.
Biochem. J. 86: 284~291, 1963

15) Tweebig, J. W. & 1. H. SEGEL: Adenosine triphosphate sulfurylase from Penicillium chrysogenum.
II. Physical, kinetic and regulatory properties. J. Biol. Chem. 246: 2438~2446, 1971

16) Yamamoto, L.A. & I.H. SEGeL: The inorganic sulfate transport system of Penicillium chrysogenum.
Arch. Biochem. Biophys. 114: 523~538, 1966





