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Extracellular hydrolases from Cephalosporium acremonium were analyzed
according to their ability to deacetylate the 8-lactam antibiotic cephalosporin C.
One out of at least six hydrolases exhibits appreciable cephalosporin C acetylhy-
drolase (CAH) activity. This enzyme was separated from other hydrolases and
purified 220-fold. The purified CAH has a relatively low affinity for cephalospo-
rin C (K, 20 mM) and is strongly inhibited by diisopropylfluorophosphate and
less markedly affected by fluoride. Addition of glucose, maltose, and sucrose to
the culture broth suppresses CAH production, whereas glycerol and succinate
have no effect. Verrucarin A prevented the enzyme from appearing in the
medium, which indicates the necessity of protein synthesis for CAH formation.
When 1-thio-p-glucose was added to the culture medium, the results suggested
that this glucose analogue is able to inhibit CAH synthesis. Our data provide
evidence for a regulation of CAH synthesis similar to the catabolite repression

system in bacteria.

Cephalosporin C, a g-lactam antibiotic pro-
duced by different mutant strains of Cephalo-
sporium acremonium (4, 7, 9, 26), was first
isolated by Newton and Abraham (24).

The biosynthesis of this cyclic tripeptide is
not yet understood in detail, but it is now well
established that the final steps proceed via de-
acetoxycephalosporin C and deacetylcephalo-
sporin C to cephalosporin C (Fig. 1; 19). Deace-
tylcephalosporin C has been detected in both
intracellular and extracellular fluids of C. acre-
monium (31). The presence of this compound in
the culture broth raises questions about its ori-
gin. Deacetylcephalosporin C could be an ex-
creted intermediate product of biosynthesis or
the result of enzymatic or non-enzymatic hy-
drolysis of cephalosporin C.

Huber et al. (15) have reported that their
cell-free extracts of C. acremonium exhibit hy-
drolase activity, which fails to deacetylate
cephalosporin C. The same authors came to the
conclusion that extracellular deacetylcephalo-
sporin C is the result of non-enzymatic hydrol-
ysis. Recently Fujisawa et al. (10) described a
mutant of C. acremonium with extracellular
cephalosporin C acetylhydrolase (CAH; EC
3.1.1.7). We have shown independently that un-
der certain conditions C. acremonium is capa-
ble of producing CAH (25). We were able to
purify and characterize this enzyme. In addi-
tion, evidence is presented that the synthesis of
CAH is regulated by the nature of the carbon
source.

(This work was carried out by A. H. in par-
tial fulfillment of the Ph.D. requirement at the
University of Basel, Basel, Switzerland.)

MATERIALS AND METHODS

Strain and culture conditions. A superior cepha-
losporin C-producing strain, C462, derived from C.
acremonium C.M.1. 49137/8650 was used for the ex-
periments. Shake flasks (500 ml) with 100 m! of seed
medium were inoculated with 5% of a lyophilized
spore-mycelium suspension. The flasks were incu-
bated on a rotary shaker at 23 C and 250 rpm for 72
h. The seed cultures were used to inoculate 200-ml
shake flasks with 40 ml of production medium, inoc-
ulated under the same conditions. The seed medium
has been described (3). The production medium con-
tained: 10% peanut meal, 1.2% pL-methionine, 0.2%
ammonium acetate, 0.5% methyl oleate, 2.5% b-
glucose, 1.3% calcium carbonate, and deionized wa-
ter. The medium was sterilized for 45 min at 120 C;
the pH after sterilization was 7.2 to 7.4.

Measurement of enzyme activities. Acetylhydro-
lase activity was measured according to Pocker and
Stone (29) with p-nitrophenylacetate as substrate.
CAH activity was followed by a modified acidimetric
method (30). The reaction mixture contained cepha-
losporin C, 100 mM, tris(hydroxymethyl)amino-
methane (Tris)-hydrochloride buffer, 5 mM, and
phenol red, 0.0006% (wt/vol), at pH 7.5 in a total
volume of 1.1 ml. The enzyme extracts were passed
through a column of Sephadex G-25, equilibrated
with 5 mM Tris-hydrochloride buffer, pH 7.5, prior
to measuring the CAH activity. Both enzyme activi-
ties are expressed as micromoles of product formed
per minute at 25 C under the respective assay condi-
tions (1 unit = 1 umol/min).
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Fig. 1. Final steps in the biosynthesis of cephalo-
sporin C. (A) Deacetoxycephalosporin C; (B) deace-
tylcephalosporin C; (C) cephalosporin C. R =
HOOC—CH(NH,)—(CH ) ,—.

Assays for cephalosporin C. Cephalosporin C was
determined either by a microbiological assay (26) or
by high-pressure liquid chromatography (18).

Determination of protein, sedimentation coeffi-
cient, and isoelectric point. Protein was determined
by the method of Lowry et al. (20), using bovine
serum albumin as a standard. Sedimentation coeffi-
cients were determined by ultracentrifugation in a
sucrose gradient as described by Martin and Ames
(22). The centrifugation was carried out in a Her-
aeus Christ Omega II centrifuge at 4 C for 20 h at
100,000 x g, using myoglobin and hemoglobin as
standards. The isoelectric point was determined by
electrofocusing in polyacrylamide gel (12) with Am-
pholine, pH 3 to 5, as carrier ampholyte. After elec-
trofocusing, the gel was cut into 1-mm slices, the
slices were immersed in 0.2 ml of water, and, after
60 min, the pH was measured. The pH was adjusted
to 7.5 by adding 0.05 ml of 0.5 M Tris-hydrochloride
buffer, pH 7.5 (22 C), and hydrolase activity was
determined.

Electrophoresis and activity staining. Polyacryl-
amide gel electrophoresis was carried out in the
Tris-diethylbarbiturate system as described by
Maurer (23). Sephadex G-25 (medium grade) was
used instead of the spacer gel. The acrylamide con-
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centration was 10.5%, and a current was applied at 4
mA/tube at room temperature. Acetylhydrolase ac-
tivity was detected by activity staining using B-
naphthyl acetate as substrate (11). Samples (20-pul)
of the culture media were applied on each gel, and
the staining period was 30 min.

Purification of CAH. All operations were carried
out at 0 to 4 C, and all buffer solutions contained
dithiothreitol, 10 M. Mycelium and other solid
particles were removed by centrifugation at 40,000
x g for 30 min.

(i) Ammonium sulfate precipitation. A 500-ml
amount of the supernatant was precipitated with
solid ammonium sulfate added to 85% saturation.
The suspension was centrifuged at 40,000 x g for 30
min, and the supernatant fluid was discarded.

(ii) Ultrafiltration and diethylaminoethyl-Sepha-
dex A-50 chromatography. The ammonium sulfate
precipitate was dissolved in 100 ml of 0.1 M Tris
buffer, pH 7.9 (4 C), and centrifuged at 40,000 x g
for 20 min. The supernatant was desalted by ultra-
filtration in an Amicon ultrafiltration cell with an
XM-50 DIAFLO membrane. No acetylhydrolase ac-
tivity could be detected in the eluant as checked by
polyacrylamide gel electrophoresis and activity
staining. The salt-free solution was adsorbed on di-
ethylaminoethyl-Sephadex A-50 in a batch proce-
dure by adding ion exchanger (3-g dry gel), pre-
equilibrated in 0.1 M Tris buffer, pH 7.9 (4 C), to
give a final volume of 200 ml. After the mixture had
been stirred for 3 h, solid NaCl was added to a
concentration of 0.5 M. The ion-exchange material
was subsequently removed by filtration through a
Buchner funnel. Desalting of the eluate was per-
formed using a UM-2 DIAFLO membrane. The salt-
free solution was placed on a column (2.5 by 20 ¢cm)
of diethylaminoethyl-Sephadex A-50, equilibrated
with the above-mentioned buffer, and eluted by a
linear gradient (800 ml) from 0 — 0.5 M NaCl. The
flow rate was 4 ml/cm~2 per h; 10-ml fractions were
collected. By this procedure more than 95% of the
unidentified dark pigment material, probably de-
rived from the complex culture medium, was re-
moved.

(iii) Sephadex G-75 chromatography. Fractions
47 to 53 (Fig. 2) were pooled, concentrated to 5 ml by
ultrafiltration (PM-2 membrane), and passed
through a Sephadex G-75 column (2.5 by 40 cm),
preequilibrated with 1 mM phosphate buffer (pH
6.8). The flow rate was 4 ml/cm~2 per h; 3-ml frac-
tions were collected.

(iv) Hydroxyapatite chromatography. The active
fractions of the above eluate were placed on a col-
umn (2.5 by 15 cm) of hydroxyapatite, preequili-
brated with 1 mM phosphate buffer, pH 6.8. The
enzyme was eluted by increasing the phosphate con-
centration to 10 mM (linear gradient of 500 ml). The
flow rate was 4 ml/cm~2 per h; 5-ml fractions were
collected. The CAH activity was free from other
hydrolase activities, as could be shown by gel elec-
trophoresis and activity staining.

Preparation of cell-free extracts. The mycelium
and other solid particles were separated from the
culture broth by centrifugation at 40,000 x g and
washed three times with 0.06 M phosphate buffer,
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pH 7.0. A 30-g portion of the washed precipitate was
disrupted in an X-press (AB BIOX, Nacka, Sweden)
at about —30 C at 2,000 kg/cm? (28,000 lb/in?). The
disintegrated cells were suspended in 300 ml of the
same buffer, homogenized in a Potter Elvejhem ho-
mogenizer, and then centrifuged at 40,000 x g for 20
min. The supernatant fluid was used for studying
the intracellular hydrolase pattern by electrophore-
sis. All buffer solutions were held at 0 to 4 C.
Chemicals. Acrylamide, N,N’-methylenebis-
acrylamide, N,N,N’,N’-tetramethylenediamine,
and ammonium persulfate were purchased from
Serva (Heidelberg, Germany); Sephadex G-25, di-
ethylaminoethyl-Sephadex A-50, and Sephadex G-
75 from Pharmacia (Uppsala, Sweden); Bio-Gel HTP
hydroxyapatite from Bio-Rad Laboratories (Rich-
mond, Calif.); and Ampholine from LKB-Produkter
(Bromma, Sweden). Dithiothreitol, hemoglobin,
and myoglobin were obtained from Calbiochem (San
Diego, Calif.); bovine serum albumin, B-naphthyl
acetate, phenylmethylsulfonylfluoride, and diiso-
propylfluorophosphate from Sigma (St. Louis, Mo.);
eserine sulfate from Nutritional Biochemicals
(Cleveland, Ohio); and 1-thio-p-glucose from East-
man Kodak (Rochester, N.Y.). Verrucarin A was
kindly provided by Ch. Tamm. All other chemicals
were purchased from Merck (Darmstadt, Germany).

RESULTS

Purification and biochemical properties.
Data on the purification of CAH are given in
Table 1. The most critical step was the removal
of unknown viscous compounds from the fer-
mentation broth. Neither the addition of deoxy-
ribonuclease nor dextranase resulted in a de-
crease of the viscosity of the broth. By means of
a batch procedure using ion-exchange resin,
appreciable amounts of the viscous material
were removed. Due to this technique it was
possible to use column chromatography in the
successive purification steps. Owing to the low
CAH activity in the extracellular fluid, it was
necessary to start the purification by concen-
trating with ammonium sulfate (precipitation
by organic solvents resulted in a poor recovery
of the enzyme activity).

Figure 2 shows that only the first hydrolase
peak is capable of deacetylating cephalosporin
C significantly. However, the CAH activity
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eluted after the first peak contributes also to
the total deacetylating activity. Fractions 47
through 53 (Fig. 2) were pooled and designated
as CAH. The total purification of the CAH was
220-fold. After gel electrophoresis and activity
staining only one hydrolase band is present.

The pH optimum for CAH was 7.6 (Fig. 3A).
Owing to the instability of cephalosporin C at
higher temperatures, the temperature opti-
mum had to be measured with p-nitrophenylac-
etate as substrate (Fig. 3B). Above 50 C the
enzyme is irreversibly inactivated. By ultra-
centrifugation in a sucrose gradient a sedimen-
tation coefficient of 2.6 was found. With the
approximation of Martin and Ames (22), using
hemoglobin and myoglobin as standards, a mo-
lecular weight of about 25,000 was calculated.
Measurements of the isoelectric point gave a
value of 4.3 for CAH.

A rather low affinity of cephalosporin C for
CAH was found which is expressed in a K,,
value of 20 mM. Table 2 shows the influence of
some known hydrolase inhibitors on CAH. On
the basis of these results it seems unlikely that
CAH is a protease with the capability of cleav-
ing acetyl esters. This is in agreement with the
failure to detect any protease activity (mea-

ACETYL-HYDROLASE ACTIVITY o
(units/ml)

® CAH ACTIVITY
(units/ml)

04

05— 0.2

|

o |- \T_.JN—\./T ° "‘—'\.,jc_\._ °
FRACTION 50 60 70 80

F1c. 2. Elution pattern of diethylaminoethyl-
Sephadex A-50 chromatography (for details see Ma-
terials and Methods).

TaBLE 1. Purification of CAH

Step Protein (mg) CAH (units) (uﬁipt:fnt] g Recovery (%) P“"(‘g'l‘g)tm“
Medium 780 26.37
Amicon XM-50 410 21.7¢
Diethylaminoethyl-Sephadex A-50, 102 15.1 0.148 80° 6.5
fractions 47-53
Sephadex G-75 10 13.2 1.32 70 58
Hydroxyapatite 1.9 9.5 5.0 49 220

@ Total CAH activity.
® Estimated values.
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FiG. 3. Effect of pH and temperature on CAH. (A)
pH, measured by incubating cephalosporin C (2 mM)
in 0.06 M phosphate buffer, pH 7.5, for 10 h at 25 C
and determining cephalosporin C and deacetylceph-
alosporin C by high-pressure liquid chromatogra-
phy. (B) Temperature, measured using p-nitrophe-
nylacetate as substrate.

TABLE 2. Effect of various substances (1 mM)

ENZYMATIC HYDROLYSIS OF CEPHALOSPORIN C

on CAH®
Relative
Substance CAH activ-

ity (%)
None .....oovviiiiiiiiiiiniinnnn. 100
Sodium chloride .................... 100
Calcium chloride ................... 99
Sodium fluoride .................... 67
Diisopropylfluorophosphate ......... 5
Eserine sulfate ..................... 95
p-Chloromercuribenzoate ........... 91
Phenylmethylsulfonylfluoride ....... 98

¢ Measurements were done by the acidimetric test
(see Materials and Methods).

sured according to reference 27) in the purified
CAH extract.

Physiological properties of CAH. Figure 4A
shows the course of the fermentation of mutant
C462 in the production medium. Until 120 h
glucose was added daily to prevent a decrease of
the carbon source below 5 g/liter. The maxi-
mum cephalosporin C titer is reached at about
144 h. After this time the antibiotic disappears
rapidly. Simultaneously, the deacetylcephalo-
sporin C titer rises and CAH activity appears in
measurable amounts in the broth. Figure 4B
demonstrates that the addition of glucose until
the end of the fermentation prevents the ap-
pearance of CAH activity in the broth. As a
consequence the cephalosporin C level remains
high.

In view of the obvious effect of glucose on
CAH the question arose whether other carbon
sources may have the same effect in suppress-
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ing the hydrolytic activities. Maltose and su-
crose, two disaccharides readily converted to
glucose, and glycerol and succinate, two more
distant metabolites derived from glucose, were
tested. We have found that, in addition to glu-
cose, maltose and sucrose have the same effect
in protecting cephalosporin C from rapid degra-
dation (Table 3). In polyacrylamide gels (Fig.

./.
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N R
72 96 120 144 168 192 216 hours

Fic. 4. Course of the fermentation of mutant
strain C462 in the production medium. (A) Glucose
was added to maintain its concentration above 5 g/
liter until 120 h. (B) Glucose was added until the end
of the fermentation. Symbols: B-lactam antibiotic
(arbitrary units)— O, cephalosporin; @, deacetyl-
cephalosporin; O, acetylhydrolase activity (units per
milliliter); B, CAH activity (units per milliliter).

TaBLE 3. Effect of different compounds on
cephalosporin C titer®

Cephalosporin C (mg/liter)

Addition

72 h 96 h 120 h 144 h
None 580 2,050 950 230
Glucose 600 2,010 3,200 4,100
Maltose 605 2,100 3,070 4,020
Sucrose 590 1,980 2,970 3,700
Glycerol 620 2,020 2,100 1,090
Succinate 615 1,930 1,030 630
1-Thio-p-glucose 610 1,380 1,100 980
Verrucarin A 605 1,080 1,010 900

2 The production medium was used, and from 72 h on the
supplementations were begun. Glucose, maltose, sucrose,
glycerol, and succinate were added to maintain concentra-
tions of above 5 g/liter. 1-Thio-p-glucose was added once at
72 h (10 g/liter). Verrucarin A was added in amounts of 40
mg/liter each day. Cephalosporin C titers were measured by
the biological assay.
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5), the band responsible for CAH is rather
weak. Although the band is present, the low
efficiency of the enzyme in degrading cephalo-
sporin C is not high enough to deacetylate
larger amounts of the antibiotic. On the other
hand, the addition of glycerol or succinate does
not prevent the deacetylation.

The question as to whether the protection
from deacetylation depends on protein synthe-
sis has been tested. Indeed, verrucarin A, a
potent inhibitor of protein synthesis in eukar-
yotic cells (5), suppressed CAH (Fig. 6).

To investigate further the effect of glucose on
CAH, a glucose analogue, 1-thio-p-glucose, was
added to the medium. Figure 6 shows that the
glucose analogue has a similar effect on the
hydrolase pattern as verrucarin A. However, 1-
thio-p-glucose does not inhibit growth of C.
acremonium in the complex medium. As ex-
pected, verrucarin A and 1-thio-p-glucose do
not lead to a significant decrease in the cephalo-
sporin C titers (Table 3).

HINNEN AND NUESCH
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It is evident from our results that CAH is an
extracellular enzyme and not an enzyme ex-
creted into the medium by cell lysis. We have
failed to determine any intracellular CAH ac-
tivity. Cell-free extracts were analyzed by gel
electrophoresis, and no CAH could be detected
after activity staining (Fig. 5).

DISCUSSION

C. acremonium mutant C462 produces extra-
cellular hydrolases. At least one of these hydro-
lases is able to hydrolyze cephalosporin C to
deacetylcephalosporin C. Huber et al. (15) could
not detect any CAH activity in fermentation
broths of C. acremonium. They have concluded
that the deacetylation of cephalosporin C is of a
non-enzymatic nature. The discrepancy be-
tween their results and ours may be due to the
fermentation conditions or strains used. We
only find appreciable amounts of CAH activity
after 120 h, and then its appearance is paral-
leled by the exhaustion of glucose in the me-

28 2\ *
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Fic. 5. Hydrolase spectrum after polyacrylamide gel electrophoresis and activity staining. Samples were
taken from the 144-h cultures, supplemented with the following carbon sources (see Table 3): (a) none; (b)
8lucose; (¢) maltose; (d) sucrose; (e) glycerol; (f) succinate; (g) CAH standard; (h) and (i) cell-free extracts

with no addition and glucose addition, respectively.
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Fi1c. 6. Hydrolase spectrum after polyacrylamide
gel electrophoresis and activity staining. Samples
were taken from the 144-h cultures. The following
substances were added (see Table 3): (a) 1-thio-D-

glucose; (b) verrucarine A; (c) none; (d) CAH stand-
ard.

dium. Furthermore, CAH activity is very low
(0.1 unit/ml), which is expressed in the low
cephalosporin C deacetylation rate in the broth.
Excluding enzymatic hydrolases, the daily de-
crease of cephalosporin C titer is 12% (k = 5.2 x
10-3/h; 18), taking into account deacetylation
and hydrolysis of the g-lactam ring. Upon car-
bon starvation this value rises to about 50% in
our system. Thus, a fourfold increase, mainly
due to deacetylation, can be attributed to the
hydrolases in the broth. In spite of the rela-
tively low enzymatic activity, this is enough to
create serious problems in the cephalosporin C
fermentation process.

Recently Fujisawa et al. (10) have obtained
mutants of strain 8650, which accumulate de-
acetylcephalosporin C in the culture medium.
One of these mutants was found to have extra-
cellular CAH activity. The other strains were
impaired in the last step of the biosynthesis,
the conversion of deacetylcephalosporin C to
cephalosporin C. Their findings support our as-
sumption that C. acremonium has the genetic
potential to produce hydrolases capable of de-
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acetylating cephalosporin C. In the course of
different development programs, some mutants
might have lost or acquired the possibility to
express this genetic information. Our own pre-
liminary results show that mutagenic treat-
ment of strain C462 can lead to mutants with
highly reduced CAH activity (H. J. Treichler,
personal communication). As a consequence,
such mutants retain a high titer of cephalospo-
rin C under conditions of glucose starvation.

The suppression of the CAH activity by the
addition of glucose or disaccharides readily con-
verted to glucose supports our hypothesis that
the synthesis of CAH and probably other hydro-
lases is regulated by carbon catabolite repres-
sion. Although the mechanism of carbon catab-
olite repression in bacteria is now largely un-
derstood (6, 8, 21, 28), relatively little is known
about such systems in eukaryotes (1, 2, 16, 17).
Our findings show that suppression of CAH
activity is exerted by glucose, maltose, and su-
crose, whereas glycerol and succinate have no
effect. This is very similar to the results ob-
tained with bacteria (28). We have not been
able to release repression by adding cyclic aden-
osine 3',5'-monophosphate to the culture me-
dium, but there is no evidence that this com-
pound actually enters the cells.

No significant amounts of CAH have been
found in a chemically defined medium. This
has led us to the assumption that, under such
conditions, an additional mechanism might
regulate CAH synthesis. Absence of induction
or a type of repression other than carbon catab-
olite repression are two possibilities. Cephalo-
sporin C itself could act as inducer since this
compound is formed in six- to eightfold
amounts in the complex medium compared to
the defined one. Attempts to show this by add-
ing cephalosporin C (10 g/liter) to the chemi-
cally defined medium were not successful.

We have tried to explain our results on the
basis of transcription control since analogies to
well-known bacterial systems are evident. Of
course, other explanations are possible. Post-
translational control by inactivating enzymes
is an attractive possibility (13, 14). Although C.
acremonium produces extracellular proteases
(32; personal observations), we have no evi-
dence that would support such a mechanism.
We hope to obtain more insight into our eukar-
yotic system by developing chemically defined
media in which C. acremonium exhibits the
same regulatory phenomena as in the complex
fermentation system.
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