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A peptidyl-prolyl cis-trans isomerase (PPIase) was purified to homogeneity about 24-fold from
the cyclosporin-producing fungus Tolypocladium inflatum. The molecular mass of the enzyme was
in the range of 17kdaltons. Remarkably, the enzyme could be inhibited by cyclosporin A in the
nanomolar range as has been shown for numerous other cyclophilins from eukaryotic organisms.
This indicates, that Tolypocladium inflatum must possess a self protection system in order to survive
in the presence of cyclosporin.

Cyclosporins are produced by the fungus Tolypocladium inflatum®). We have demonstrated that these
cyclopeptides are synthesized by a large multifunctional enzyme in a non-ribosomal mechanism?~%.
Cyclosporins possess both immunosuppressive and antifungal activities and it is believed that their action
is mediated by highly specific cyclosporin-binding proteins, the cyclophilins® ~#. It has been shown recently,
that cyclophilins are identical with peptidyl-prolyl cis-trans isomerases (PPlases), a class of enzymes
catalysing the isomerization of peptide-proline bonds®!?. These activities are believed to be involved in
the correct folding of proteins in the cell'V. Cyclophilins have been isolated from a variety of organisms*?
and obviously they play a fundamental biochemical role in alt organisms.

In addition, the recent discovery of another binding protein for the immunosuppressive agent,
FK506'¥, and its identification as a peptidyl-prolyl cis-trans isomerase!*!3 strongly suggests the in-
volvement of peptide isomerization in events leading to the immune response. Likewise in the case of
cyclophilins, it could be shown that in lower eukaryotes the cytotoxic activity of rapamycin, a compound
structurally related to FK-506, is mediated by the FK-506 binding protein (FKBP)'®. FKBP and
cyclophilin, however, differ from each other by their M;s, amino acid sequences and in that either of them
cannot be inhibited by the inhibitor of the other one.

In view of the fact that the fungus 7. inflatum produces cyclosporin, we were interested to see whether
this organism contains a cyclophilin that can be inhibited by cyclosporin or not. If yes, this would imply
that it must possess a self protection system against its own secondary metabolite. The present paper

describes the purification and partial characterization of such an enzyme from that organism.

Materials and Methods

Media and Growth of Organism

Strain Tolypocladium inflatum DSM 915 was maintained on agar slants as described previously®. For
submerged culture in this study the following liquid media were used: MCP-medium contained maltose
(6%, w/v), casein peptone (2%), potassium phosphate (7.3 mm), KC1 (33 mm), pH 5.5. CM-medium consisted
of 10% cornsteep liquor and 30% sugar beet molasses and HMM-medium contained 0.5% malt extract,
0.5% yeast extract, 0.5% maltose, pH 7.5 adjusted with NaOH. All media were autoclaved at 121°C for




266 THE JOURNAL OF ANTIBIOTICS FEB. 1992

20 minutes. Generally, 100 ml portions of liquid medium in 500-ml Erlenmeyer flasks were inoculated with
100 p aliquots of spore suspensions made from agar slants (5~ 8 x 10® spores/ml) and agitated in an New
Brunswick Controlled Environmental Shaker (model G25) at 110 rpm and 26°C. After 48 hours of growth,
mycelium was harvested by suction filtration, washed with distilled water and freeze-dried.

Enzyme Purification

All operations were carried out at 2~4°C . 10~ 12 g of lyophilized mycelium grown in HMM-medium
were homogenized in a mortar and subsequently stirred in 200 ml of buffer A (0.1 M Tris- HCl, pH 8, 2mMm
dithioerythritol). After centrifugation of the suspension at 14,000 rpm in the SS 34 rotor of a Sorvall
RC-2B centrifuge for 20 minutes, the pellet was discarded and to the supernatant (crude extract) was added
a 1% polyethylene solution (in water) to give a final concentration of 0.2%. The resultant suspension was
left on ice for 20 minutes. Then the precipitate was removed by centrifugation as above. To the supernatant
was added saturated ammonium sulfate solution to give a final concentration of 80%. After 1hour
of standing on ice, the precipitate was collected by centrifugation (10,000 rpm, 30 minutes, GSA rotor,
RC-2B centrifuge) and the resultant protein pellet extracted with 25 ml of buffer A. Undissolved protein
was removed by centrifugation and the supernatant applied onto an Ultrogel AcA 54 column
(55cm x 3.5¢cm) previously equilibrated with buffer A. Fractions of 10 ml were collected and tested for
PPlase activity. Fractions containing enzyme were pooled and passed through a Mono QHR 10/10
column previously equilibrated with buffer A. The flow-through was brought to 80% saturation with
solid ammonium sulfate and kept on ice overnight. Protein was collected by centrifugation as above,
dissolved in 2ml of buffer A and subjected to fast performance liquid chromatography on a Superdex 75
16/60 column (Pharmacia) which had been previously equilibrated with 50 mM potassium phosphate, pH
6.8, 2mm dithioerythritol (buffer C). The flow rate was 0.5 ml/minute.

Enzyme Assay :

PPlase activity was measured essentially as described®. The peptide Succ-Ala-Ala-Pro-Phe-pNA
(Bachem) was used as the test substrate. In some rare cases the presence of cyclophilin in protein fractions
was determined by an Sephadex LH-20 bindings assay using radioactively labeled cyclosporin®. Radioactive
cyclosporin A was prepared enzymatically as described™.

Methods of Analyses
Protein determinations were done as described'”. Slab gel electrophoresis was done according to
LAEMMLI’s method in a Hoefer Scientific minigel apparatus'®.

Results and Discussion

When the fungus 7. inflatum was grown in MCP- or CM-medium, in which the organism produces
cyclosporin, no cyclosporin-sensitive PPIase activity could be detected in crude and partially purified
protein extracts from the cells. In view of the fact that cyclophilin is a ubiquitous protein, we argued that
the failure to detect it might be due to the presence of cyclosporin in these preparations. In fact, we
observed that the harvested cells still contained (despite extensive washing) cyclosporin in varying amounts
(depending on the age of culture) (results not shown). However, it was not possible to distinguish between
the two possibilities, i.e. whether the cyclosporin was inside the cells or adhering to the cell wall. As a
matter of fact, cyclophilin would come into contact with cyclosporin during cell rupture in either of the
two cases and this would lead to an inactivation of PPIase activity. In order to prove the existence of a
cyclophilin in T. inflatum we sought a growth medium in which cyclosporin production would not take
place. Experimentation led to the use of HMM-medium in which the fungus grows vigorously but does
not produce cyclosporin in the first three days of cultivation (results not shown). Only in the stationary

phase does the fungus produce minute amounts (less than 1 mg/liter) of cyclosporin. Mycelium from the
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Table 1. Purification of 17kdaltons PPIase (cyclophilin) from Tolypocladium inflatum®.

Step Volume Protein Units Spec. Activity ~ Recovery
(ml) (mg) (arb.) (units/mg) (%)
1. Crude extract 25 63 32,000 508 100
2. Polyethylenimine precipitate 30 52 30,000 576 94
3. (NH,),SO,-precipitate 25 27 27,500 1,018 86
4. Ultrogel AcA 54 gel filtration 90 4.5 11,500 2,555 36
5. Passage through Mono Q 90 2.5 9,000 3,600 28
6. Gel filtration on Superdex 75 6 0.45 5,500 12,222 17

® 12g of lyophilized mycelium were used.

Fig. 1. Purification of cyclophilin (17 kdaltons PPlase) Fig. 2. Inhibition of 17kdaltons PPlase activity by
from Tolypocladium inflatum. cyclosporin.
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Protein samples from step 5 (Mono Q) (lane A) and
step 6 (Superdex 75 gel filtration) (lane B) were
separated in a 15% SDS polyacrylamide gel. Staining
was with Coomassie Blue. M,;s of standard proteins
are given on the left.

5 pg of purified enzyme was incubated under assay
conditions with varying concentrations of cyclosporin
A as indicated.

growth phase in these conditions enabled us to detect PPlase activity in Tolypocladium cell extracts and
also to purify it (Table 1). The overall purification was 24-fold and the recovery was 17%. Gel electrophoretic
analysis revealed one single band in the last step of purification (Fig. 1) and indicated an M, of 17,000.
The enzyme was highly sensitive to cyclosporin in the nanomolar range (Fig. 2) as was to be expected
when one considers other cyclophilins from lower and higher eukaryotes in their size and inhibition
constants. Besides PPlase activity related to cyclophilin, all enzyme fractions from Table 1 except the last
step also contained PPlase activity that was not inhibited by cyclosporin but by FK-506. This latter activity
was also detected in cells grown in media allowing the production of cyclosporin. These findings are a
further confirmation that in cyclosporin-producing cells, cyclophilin is present as is FKBP and that the
failure to detect cyclophilin is caused by the presence of cyclosporin during cell disintegration. This leads
to the irreversible inactivation of cyclophilin.

The results presented here suggest a strong compartmentalization of cyclosporin and/or its synthesis in
cells of T. inflatum in order to prevent it from contact with cyclophilin which is usually cytosolic'?.
Although the mechanism of self protection is not known, it is conceivable that cyclosporin may be excreted
directly into the medium or stored in a cell organelle such as the vacuole.
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