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SUMMARY

Phosphate, ammonium and magnesium salts interfered with rapamycin production by Streptomyces hygroscopicus at concentrations optimal for growth. These
observations point to the existence of phosphorus, magnesium and nitrogen-negative regulation mechanisms for rapamycin biosynthesis. On the other hand, Fe?*
stimulated rapamycin production at concentrations greater than that required for growth.

INTRODUCTION

Rapamycin was discovered as an antifungal antibiotic in
1975 and later found to be a potent immunosuppressant
[5,10,14]. It is an unusual triene macrolide made from acetate,
propionate, methionine, pipecolate and shikimate [7,8,9].
Since rapamycin is somewhat more active than the structurally
related FK506 [12] and 150 times more active and less toxic
than the cyclic peptide cyclosporine A [2], there is great inter-
est now in this compound [10].

There is almost nothing known about the nutritional control
of rapamycin biosynthesis. We recently published information
on carbon source control [3]. The present study reports the
effects of phosphate, ammonium, magnesium and iron on for-
mation of rapamycin by Streptomyces hygroscopicus.

MATERIALS AND METHODS

Microorganism

Streptomyces hygroscopicus strain C9, an improved rapa-
mycin producing isolate prepared from strain AY-B1206 [3],
was used. Spore suspensions and inocula were prepared as
previously described [3].

Fermentation

The chemically-defined medium used for most of this
investigation was medium 2 developed in a previous investi-
gation [3]. It contained (per liter) D-fructose, 20 g; D(+)- man-
nose, 5g; Na-L-aspartate, 1.5 g; L-arginine, 0.5 g; L-histi-
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dine-HCI, 0.5 g; 2-(N-morpholino)ethanesulfonic acid buffer
(MES), 21.3g; NaCl, 5g K,HPO,, 2g KH,PO, 2g;
MgClL,-6H,0, 510 mg; Na,S0,, 360 mg; MgSO,7H,0,
256 mg; FeSO,-7H,0, 100 mg; ZnSO,-7H,0, 60 mg; (NH,)g
Mo,0,,-H,0, 18 mg; MnSO,-H,0, 12 mg; Na,B,0,-10H,0,
10 mg; CoCl,:6H,0, 10mg; and CuChL-2H,0, 1.3 mg. The
sugars were autoclaved separately from the rest of the medium.
pH was adjusted to 6.0. Production cultures were prepared in
duplicate 250-ml baffled flasks containing 25 ml of medium,
inoculated and incubated for 8 days at 28 °C on a rotary shaker
operating at 200 r.p.m. In one experiment, earlier medium No.
1 [3] was used. This is indicated in the text.

Extraction

A 1.0-ml aliquot of fermented whole broth was centrifuged
at 1500 X g for 5 min. The supernatant fluid was transferred
by pipette into a test tube and the pellet was extracted twice,
each time by shaking with 1 ml of methanol for 20 min at
room temperature. After centrifugation, the pellets were dis-
carded. The pooled extracts were added to the supernatant
phase and assayed as described below. Extraction was neces-
sary since only 15% of rapamycin is found in the super-
natant broth.

Determinations

All data shown represent the average of duplicate flasks.
Sampling was done on days 6 and 8. The data presented rep-
resent the maximum assay of the two samplings since growth
and rapamycin production proceeded at different rates in the
different media tested. However, maxima were usually not
observed prior to 6 days or after § days.

Growth as dry cell weight (DCW) was determined by
adding 1 ml of whole broth to 1 ml of distilled water and 3 ml
of 3 N HCI. The suspension was homogenized by ultrasonic
treatment for 90 s with a Branson Sonifier (Cell Disruptor 200)
(Ultrasonics Co, Danburg, CT, USA) and turbidity was



measured using the Klett Summerson Photoelectric Color-
imeter with a red filter (Klett Manufacturing Co, New York,
NY, USA). Dilutions were made until the Klett readings were
in the range between 10 and 100 Klett units. A broth DCW
of 1 mg ml~' was found to be equivalent to 286 Klett units.

Bioassay of rapamycin was performed on the pooled super-
natant fluid plus extracts described above by paper disc-agar
diffusion using Candida albicans ATCC 11651 as the assay
microorganism. The assay medium consisted of (g L™!) pep-
tone 2 g, glucose 5 g, agar 8 g. It was adjusted to pH 6.0 and
was seeded with C. albicans before pouring plates. The plates
were incubated overnight at 37 °C. Volumetric production
refers to mg rapamycin per L of whole fermentation broth.
Specific production refers to mg rapamycin per g DCW. Assay
variability was less than 10%.

RESULTS

Phosphate nutrition

In earlier media, i.e. medium 1 and medium 2, phosphate
was added as K,HPO, 2gL™"), and KH,PO, 2gL™, a
total phosphorus concentration of 26.5 mM. To determine
whether phosphate exerts control of rapamycin production, we
eliminated KH,PO, from medium 1 and varied the concen-
tration of K,HPO, from 0 to 200 mM. Figure 1 shows that
growth (DCW) was maximal at 100 mM phosphate but rapa-
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Fig. 1. Effect of K,HPO, concentration on: (@), volumetric rapamy-
cin production (mgL~!1); (O), specific rapamycin production
(ug mg™! DCW); (W), DCW (g L~1); and (0, pH.
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mycin production was best at 5mM (specific) to 10 mM
(volumetric). Thus, phosphate levels above 10 mM stimulate
growth and interfere with rapamycin production, i.e. phosphate
controls rapamycin biosynthesis. A similar effect was
observed in medium 2.

Ammonium nutrition

The effect of ammonium chloride on S. hygroscopicus was
determined in medium 2 (modified by use of 10 mM K,HPO,
and no KH,PO,). A negative effect on rapamycin formation
was found upon addition of all concentrations of NH,CI from
5mM to 200 mM (Fig. 2). Growth, on the other hand, was
stimulated by NH,Cl up to 25 mM. These were not pH effects
since the inclusion of MES buffer in the medium allowed only
minor changes in pH.

Magnesium nutrition

Medium 2 contains a very high Mg concentration, added
as 256 mg of MgS0,-7H,0O and 510 mg of MgCl,-6H,0 per
liter which is a total concentration of 3.5 mM magnesium. To
study possible Mg control of rapamycin formation, we elimin-
ated MgCl,-6H,0 from medium 2 (containing 10 mM K,HPO,
and no K,HPO,) and added increasing concentrations of
MgSO,-7H,0. The data are shown in Fig. 3. It is clear that
Mg controls rapamycin production. Production (volumetric
and specific) was optimal at 0.0l mM MgSO,7H,0O
(2.5 mg L"), a concentration suboptimal for growth. Further
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Fig. 2. Effect of NH,Cl on rapamycin production (A), and growth

and pH (B): (@), volumetric rapamycin production (mgL™"); (O),

specific rapamycin production (ug mg~' DCW); (H), DCW (g L™1);
and (O0), pH.
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Fig. 3. Effect of MgSO, on rapamycin production (A), and growth
and pH (B): (@), volumetric rapamycin production (mg L™'); (0),
specific rapamycin production (ug mg~! DCW); (l), DCW (g L™1);

TABLE 1

and (00), pH.

Composition of chemically-defined medium 3

TABLE 2

Comparison of growth and rapamycin production in chemically-

defined media 2 and 3

Parameter Medium 2 Medium 3
Final pH 6.1 6.0
Maximum DCW (gL™") 1.4 1.5
Volumetric rapamycin (mg LY 18 97
Specific rapamycin 13 65

(mg g”' DCW)

increases with MgSQO, up to 1 mM increased growth but inter-

fered with rapamycin production.

Iron nutrition

FeSO,-7H,O is present in medium 2 at 100 mg L' or
0.36 mM. When its concentration was varied between 0 and
0.54 mM, growth and pH were relatively unaffected (Fig. 4).
In contrast, rapamycin production was increasingly stimulated
as FeSO, was increased up to 0.36 mM. Thus Fe specifically

stimulates rapamycin production at concentrations higher than

that required for growth.
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Component Amount per liter
D-Fructose? 20g
D(+)-Mannose* S5¢g
Na-L-aspartate 15¢g
L-arginine 05¢g
L-histidine-HCl 05g
K,HPO, 1.7g
NaCl 5¢
7ZnS0,7TH,0 60 mg
MgSO,-7TH,0O 2.5 mg
MnSO,-H,0O 12 mg
FeSO,-7H,0 100 mg
(NH sMo, O,,-4H,0 18 mg
Na,B,0,-10H,0 10 mg
CoCl,-6H,0 10 mg
CuCl,-2H,0 1.3 mg
Na,SO, 360 mg
MES buffer 213¢g
pH adjusted to 6.0

2 Autoclaved but separate from other components.

Fig. 4. Effect of FeSO, on rapamycin production (A), and growth and

pH (B): (@), volumetric rapamycin production (mg L.=?); (0), specific

rapamycin production (ug mg~! DCW); (@), DCW (g L™'); and (00),
pH.



DISCUSSION

Rapamycin production was found to be under specific nega-
tive control by concentrations of phosphate, ammonium and
magnesium salts which were suboptimal for growth. It is not
uncommon for production of macrolides to be under nitrogen
and phosphate control [1,4,6,11] but magnesium salts only
infrequently exert regulatory control of antibiotic biosynthesis
[13,15,16] and are usually required at similar concentrations
for both primary and secondary metabolism. We observed
optimum rapamycin production at the low concentration of
0.01 mM Mg?* whereas growth was highest at 100 times that
concentration. In contrast to the above inorganic nutrients,
Fe?" stimulated rapamycin production at concentrations which
were above the level required for growth, thus showing a spec-
ific positive effect on production.

As a result of these studies, an improved chemically-
defined medium (medium 3) was developed. Its composition
is shown in Table 1. Performance of S. hygroscopicus in this
medium and previous medium 2 is shown in Table 2.

ACKNOWLEDGEMENTS

The financial support of Wyeth-Ayerst Research Labora-
tories is gratefully acknowledged as are the encouragement
and advice of Suren Sehgal and Jerauld S. Skotnicki. Support
of YRC was provided by Fujian Institute of Microbiology,
Fuzhou, P.R.C. We thank Claire Woodson for assistance and
the M.I.T. Undergraduate Research Opportunities Program
(UROP) for supporting her.

REFERENCES

1 Brana, A.F. and A.L. Demain. 1988. Nitrogen control of antibiotic
biosynthesis in actinomycetes. In: Nitrogen Source Control of
Microbial Processes (Sanchez-Esquivel, S., ed.), pp. 99-119, CRC
Press, Boca Raton, Florida.

2 Dreyfuss, M., E. Harri, H. Hofmann, H. Kobel, W. Pache and H.
Tscherter. 1976. Cyclosporine A and C, new metabolites from
Trichoderma polysporum (Link et Pers.) Rifai. Appl. Microbiol.
3: 125-133.

3 Kojima, I, Y.R. Cheng, V. Mohan and A.L. Demain. 1995. Car-

Rapamycin production by Streptomyces hygroscopicus
YR Cheng et al

4

[e o]

10

1t

12

13

14

15

16

bon source nutrition of rapamycin biosynthesis in Streptomyces
hygroscopicus. J. Ind. Microbiol. (in press).

Martin, J.F. 1988. Molecular mechanisms for the control by phos-
phate of the biosynthesis of antibiotics and other secondary metab-
olites. In: Regulation of Secondary Metabolism in Actinomycetes
(Shapiro, S., ed.), pp. 213-237, CRC Press, Boca Raton, Florida.
Morris, R.E. 1992. Rapamycins: antifungal, antitumor, antipro-
liferative, and immunosuppressive macrolides. Transpl. Rev. 16:
39-87.

Omura, S. and Y. Tanaka. 1984. Biochemistry, regulation and gen-
etics of macrolide production. In: Macrolide Antibiotics: Chemis-
try, Biology, and Practice (Omura, S., ed.), pp. 199229, Aca-
demic Press, New York.

Paiva, N.L., A.L. Demain and M.F. Roberts. 1991. Incorporation
of acetate, propionate, and methionine into rapamycin by Strepto-
myces hygroscopicus. J. Nat. Prods. 54: 167-177.

Paiva, N.L., A.L. Demain and M.F. Roberts. 1993. The immediate
precursor of the nitrogen-containing ring of rapamycin is free
pipecolic acid. Enzyme Microb. Technol. 15: 581-585.

Paiva, N.L., M.F. Roberts and A.L. Demain. 1993. The cyclohex-
ane moiety of rapamycin is derived from shikimic acid in Strepto-
myces hygroscopicus. J. Ind. Microbiol. 12: 423-428.

Sehgal, S.N., K. Molnar-Kimber, T.D. Ocain and B.M. Weichman.
1994. Rapamycin: a novel immunosuppressive macrolide. Med.
Res. Rev. 14: 1-22.

Shapiro, S. 1988. Nitrogen assimilation in actinomycetes and the
influence of nitrogen nutrition on actinomycete secondary metab-
olism. In: Regulation of Secondary Metabolism in Actinomycetes
(Shapiro, S., ed.), pp. 135-221, CRC Press, Boca Raton, Florida.
Tanaka, H., H. Kuroda, H. Marusawa, T. Hatanaka, T. Kino, T.
Goto, M. Hashimoto and T. Taga. 1987. Structure of FK506: a
novel immunosuppressant isolated from Streptomyces. 1. Amer.
Chem. Soc. 109: 5031-5033.

Tkacz, J.S., R.A. Giacobbe and R.L. Monaghan. 1993. Improve-
ment in the titer of echinocandin-type antibiotics: a magnesium-
limited medium supporting the biphasic production of pneumocan-
dins Ao and Bo. J. Ind. Microbiol. 11: 95-103.

Vezina, C., A. Kudelski and S.N. Sehgal. 1975. Rapamycin (AY-
22, 989), a new antifungal antibiotic: 1. Taxonomy of the produc-
ing streptomycete and isolation of the active principle. J. Antibiot.
28: 721-726.

Weinberg, E.D. 1988. Roles of micronutrients in secondary metab-
olism of actinomycetes. In: Regulation of Secondary Metabolism
in Actinomycetes (Shapiro, S., ed.), pp.239-261, CRC Press,
Boca Raton, Florida.

Weinberg, E.D. 1962. Trace metal control of specific biosynthetic
processes. Persp. Biol. Med. 5: 432-445.



