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Patulolides are a group of 12-memberedmacrolide antibiotics produced by Penicillium
urticae S11R59. An enzyme involved in the conversion of patulolide C to patulolide A was
purified from P. urticae S11R59and characterized. The enzyme showed a single band on
SDS-PAGEand molecular sieve HPLCboth of which indicated a Mr of 86,000, indicating

that the enzymeis monomeric. However,the enzymewasseparated into two bands of
very similar pi's (pi 4.2 and 4.3) by isoelectric focusing. Both bands catalyzed the conversion
of patulolide C to patulolide A, as demonstrated by activity staining. The two isoenzymes
were proved to be oxidases by the simultaneous production of H2O2 during the conversion of
patulolide C to patulolide A. The molar ratio for patulolides C, A and H2O2 was determined
to be 1 :1 :1. The optimum pH and temperature were determined to be 7 and 35~40°C,
respectively, and the enzymes were stable at pH 6~9 and 4~40°C. The oxidases showed
characteristic absorption at 345 and 450 run, indicating the presence of flavin as coenzyme.
Amongseveral analogues of patulolide C tested, the oxidases showed very narrow substrate-
specificity; only patulolide C was oxidized to patulolide A. No enzyme activity for the
reverse reaction, i.e. from patulolide A to patulolide C, was present in the cell-free extract of
P. urticae S11R59. Patulolide C oxidases therefore play a key role in the biosynthesis of
patulolides.

Patulolides are a group of structurally related macrolide antibiotics which are produced by
Penicillium urticae S11R59. So far, four novel patulolides have been isolated and purified from the
culture broth of P. urticae S11R59. They were named patulolides Ax\ B, C2) and isopatulolide C

(Fig. 1). All of them share a common 12-

memberedlactone structure with minor differ-
ences with respect to geometrical isomerism of a
double bond {trans or cis) and a group at C-4 (a
carbonyl or hydroxyl group). Amongmacrolide
antibiotics, 12-membered macrolides such as
patulolides are the simplest and can serve as the
easiest model for understanding the biosynthetic
pathway of more complicated macrolides. From
our previous study, the patulolides were shown
to be pure acetogenic hexaketides derived from
the head-to-tail condensation of 6 acetate units3).
Patulolide C was suspected to be the parent of
the other patulolides because of its higher pro-

duction at the early production phase as well as

Fig. 1. Native patulolides isolated from the culture
broth of Penicillium urticae S1 1R59.
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a higher incorporation of 13C-labeled acetate in its molecule than the other patulolides. To explain
the biosynthetic relationship among the patulolides, we have investigated plausible enzymes involved in
the biosynthesis of patulolides, and found an enzyme which could convert patulolide C to patulolide
A. This report describes the isolation and characterization of the enzyme and its relationship with
the biosynthesis of the patulolides.

Materials and Methods

Cultivation Conditions and Preparation of Crude Cell-free Extract
P. urticae S11R59was maintained as a spore suspension at -80°C in a mediumconsisting of

glucose 40 g, peptone 10 g, yeast extract 5 g, MgSO4-7H2O 2 g, KH2PO4 5 g and CaCl2 H2O 2 g, per
liter, pH6.5. Glucose - yeast extract medium50was used as a seed culture medium.For the inoculum
preparation, 250 ml of glucose - yeast extract medium in a 1-liter Erlenmeyer flask was inoculated
with the spore suspension to yield a final concentration of 5.4 x 105 spores/ml, and incubated at 28°C
on a reciprocating shaker (100 strokes/minute) for 48 hours. The main cultivation was done with
6-liter of the glucose - yeast extract mediuminoculated at 48-hour and cultivated at 28°G for 66 hours
with agitation speed of 300 rpm and aeration rate of 1 v/v/minute. The cells were harvested by suc-
tion filtration, washed three times with cold water, and stored at -80°C until use. Approximately,
17 g of cells (wet weight) were obtained from 1 liter of the medium.

Enzyme Activity and Protein Assay
The oxidase activity was assayed by measuring either the amount of patulolide A formed from

patulolide C or the amount of H2O2formed along with the conversion of patulolide C. For H2O2
determination, a reaction mixture contained 0.4 /miol of 4-aminoantipyrine, 0.5 ^mol of 2,4-dichloro-
phenol, 1 /^mol of patulolide C, 1.54 ^mol of sodium azide, 5 u of horseradish peroxidase and the
enzyme in 1 ml total volume of 0.1 m potassium phosphate buffer (pH 7.0). The reaction was carried
out at 28°C for 20 minutes and stopped by the addition of 1 ml ofethanol. The absorbance at 505 nm
was measuredand the amountof H2O2was calculated from a standard curve of H2O2.Oneu of the
enzyme activity was defined as the amount of enzyme which catalyzed the formation of 1 ^mol of
H2O2per minute under the assay conditions described.

For patulolide A determination, a reaction mixture contained 1 /^mol of patulolide C and the
enzyme in 1 ml total volume of 0.1 m potassium phosphate buffer (pH 7.0). After 20 minutes reac-
tion at 28°C, the reaction was stopped by the addition of 1 ml of ethyl acetate containing 1 mMN9N'-
dimethyldodecamideas an internal standard. The mixture was vigorously mixed, centrifuged to
separate the water and ethyl acetate layers, and 2 ^1 of the ethyl acetate layer was analyzed by Silica
gel HPLC (Cosmosil 5SL, 4.6x250 mm, Nacalai Tesque, Inc., Kyoto, Japan) using fl-hexane - 2-
propanol (9.8 : 0.2) as solvent. The amount of patulolide A was determined from the peak ratio of
patulolide A to the internal standard. One u of the enzyme activity was defined as the amount of
enzyme which catalyzed the formation of 1 /umol of patulolide A per minute under the assay condition
described.

Protein concentration was determined by the method of Lowryet a/.4) using bovine serum al-
buminas a standard protein. Absorbanceat 280 nmwas measured in chromatographic procedures.

Purification Procedure
All operations were carried out at Q~5°C, unless otherwise specified.

Step 1. Preparation of Cell-free Extract: The cell paste (300 g) was suspended in 0.02 m potas-
sium phosphate buffer (pH 6.5) containing 10% glycerol to give a suspension of about 1 g/lO ml.
The suspension was subjected to Dyno-Mill homogenizer (type KDL, Willy A Bachofen AG., Basel,
Switzerland) at flow rate of 20 ml/minute. Cell debris was removed by centrifugation at 16,000x^
for30minutes.Step 2. Protamine Sulfate Treatment : A solution of protamine sulfate (2%) was added dropwise
to the cell-free extract to give final concentration of 40 ^g/mg protein. After standing for 10 minutes
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the precipitate formed was removed by centrifugation at 16,000 x g for 30 minutes.
Step 3. AmmoniumSulfate Fractionation: Solid ammoniumsulfate was added to the sus-

pension to give 0.5 saturation. After standing for 8 hours, the precipitation was removed by cen-
trifugation at 16,000 x g for 30 minutes. The ammoniumsulfate concentration was then increased
to 0.8 saturation by the addition of solid ammoniumsulfate. After standing for 8 hours, the percipita-
tion was collected by centrifugation at 16,000 xg for 30 minutes and dissolved in 0.02m potassium
phosphate buffer (pH 6.5) containing 10% glycerol. The solution was dialyzed for 18 hours against
3 changes of 3 liters of the same buffer.

Step 4. DEAE-Toyopearl Column Chromatography: The dialyzed enzyme solution was sub-
jected to DEAE-Toyopearl column chromatography. The gel was packed in a column (5.5 x45 cm)
and equilibrated with 0.02 m potassium phosphate buffer (pH 6.5). The enzyme solution was passed
through the column which was then washedwith 2.1 liters of the same buffer. The enzymewas sub-
sequently eluted with 2.8 liters of a linear gradient of sodium chloride from 0 to 0.5 m in 0.02 m potas-
sium phosphate buffer (pH 6.5) in fractions of 15 ml. This step removed a contaminating protein
and 5-fold purification was attained. Active fractions were combinedand the solution was concen-
trated by ultrafiltration.

Step 5. Hydrophobic Chromatography on a Octyl Sepharose CL-4B Column: To the con-
centrated enzymesolution, solid ammoniumsulfate was added to a final concentration of 2 m. The
solution was then applied to an Octyl Sepharose CL-4B column (3 x28.5 cm) preequilibrated with
0.02 m potassium phosphate buffer (pH 6.5) containing 2 m ammoniumsulfate. After washing with
0.5 liter of the buffer, the enzyme was eluted with 1.5 liters of a linear gradient of ammoniumsulfate
from 2 to 0 m in 0.02 m potassium phosphate buffer (pH 6.5) in fractions of 10 ml. Active fractions
were combined and concentrated to 10.6 ml by ultrafiltration.

Step 6. Sephadex G-150 Column Chromatography: The concentrated enzyme solution was
applied onto a Sephadex G-150 (superfine) column (3 x 61 cm) preequilibrated with 0.02 m potassium
phosphate buffer (pH 6.5) containing 10% glycerol (Fig. 2). By gel filtration, a contaminating protein
of high molecular weight was removed and active fraction number 45 to 51 were combined.
Step 7. DEAE-SephadexA-50 Column Chromatography: To remove a trace amount of im-

purities, the combined solution was applied to a DEAE-Sephadex A-50 column (1.5 x 16.0 cm) pre-

Fig. 2. Chromatography of patulolide C oxidases on a Sephadex G-150 column.
à" Absorbance, O activity.
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Fig. 3. Chromatography of patulolide C oxidases on a DEAE-Sephadex A-50 column.
® Absorbance, O activity, - NaCl.

Table 1. Purification of patulolide C oxidases from Penicilliuin urticae S11R59.

ZP p£& JS §££ PuSion R7?/Try
(mg) (u) (u/mg protein) *-roia; ^ /o )

Cell-free extract 13,103. 2 728. 5 0^06 1 100
Protamine sulfate 7,663. 5 679.9 0.09 1. 59 93. 3
Ammonium sulfate 2,246. 7 617.2 0.27 4. 91 84. 7

(50-80%)
DEAE-Toyopearl 303.4 380.9 1.26 22.43 52. 3

Octyl Sepharose CL-4B 56.2 169.6 3.02 53.91 23. 3
Sephadex G-150 (super fine) 18. 1 100.7 5.55 99. ll 13. 8
DEAE-Sephadex A-50 9. 5 32. 6 4.48 80.00 4. 5

equilibrated with 0.02 m potassium phosphate buffer (pH 6.5) containing 10% glycerol. After washing
with 81 ml of the buffer, the enzyme was eluted with 0.4 liter of a linear gradient of sodium chloride
from 0 to 0.4 min the same buffer in fractions consisting of 3 ml (Fig. 3). The specific activity of the
enzyme was increased from 0.06 to 4.48 u per mg protein and approximately 80-fold purification was
achieved with an overall yield of 4.5 %. The purification procedure is summerized in Table 1.

Molecular Sieve HPLC
Moleculer weight of the native enzymewas determined by molecular sieve HPLCon a TSK-gel

G2000SWXLcolumn (0.75 x 60 cm, Tosoh Manufacturing Co., Ltd., Japan) equilibrated with 50 him
potassium phosphate buffer (pH 6.5) containing MgCl2 1 mM, 2-mercaptoethanol 5 mMand NaCl
0.2 m. Glutamate dehydrogenase (Mr 290,000), lactate dehydrogenase (Mr 142,000), enolase (Mr
67,000), adenylate kinase (Mr 32,000) and cytochrome C (Mr 12,400) were used as molecular weight

markers.
Electrophoresis

SDS-PAGEwas done on a slab gel (8.4x9.0x0.1 cm) with 4~20% polyacrylamide gradient
according mainly to the method of Laemmli5), and protein was stained with comassie brilliant blue
G-250. Phosphorylase b (Mr 130,000), bovine serum albumin (Mr 75,000), ovalbumin (MP 50,000),
carbonic anhydrase (Mr 17,000) were used as molecular weight markers.
Analytical isoelectric focusing was done as described by Wrigley6) on a 7.5 %-disc gel containing

2% of ampholine (pH 4~6) at 4°C for 6 hours at 300 V. After the focusing, the gel was sliced into
2 mmpieces, and soaked in 0.2 ml of distilled water, and the pH of the supernatant was measured.
Protein was stained by 0.04% comassie brilliant blue G-250 in 3.5% perchloric acid as described by
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Reisner et alP. For activity staining, the gel was soaked in a mixture of peroxidases and 3,3'-di-
aminobenzidine or peroxidase and o-dianisidine containing 1 mMpatulolide C as substrate at 28°C
for 20 minutes. This procedure is a modification for H2O2 staining described by Tsuge and Mitsuda,
Tsuge and Nakanishi8 »9).

Stoichiometric Conversion of Patulolide C to Patulolide A and H2O2
Stoichiometric conversion of patulolide C to patulolide A was investigated in order to confirm

the activity of the enzyme. Patulolide A production and patulolide C consumption were determined
by HPLCanalysis of the reaction mixture containing 0.36 ml of enzyme preparation from DEAE-
Sephadex A-50 in 5.64 ml of 1 mMof patulolide C in 0.1 m potassium phosphate buffer at 0, 2, 4, 6, 8,
10, 12, 14, 16, 18 and 20 minutes of reaction at 28°C. The concentration of patulolides A and C
were calculated from calibration curve of each compound. H2O2production was determined by the
enzymatic method. Enzyme preparation (0.36 ml) was added into 5.64 ml of substrate mixture.
The H2O2 concentration was determined after 0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 minutes of
reaction.

The Effect of Patulolide C Concentration on Oxidases Activity
The effect of patulolide C concentration on enzyme activity was observed by using enzyme pre-

paration from DEAE-SephadexA-50 column. Fifty /A of the enzyme was separately added to
patulolide C solution in 0.1 m potassium phosphate buffer (pH 6.5) at several concentration. The
reaction mixture was incubated at 28°C for 20 minutes. Patulolide A produced from the reaction was
determined by HPLC analysis.

Substrate-specificity of Patulolide C Oxidases
Substrate-specificity of the enzyme was determined by using various types of derivatives which

have similar structure to patulolide C (Fig. 1 1). Isopatulolide C (Fig. 1) is the native patulolide which
was purified from the culture broth of P. urticae S11R59. Each compoundwas added, instead of
patulolide C, into the enzymeactivity assay mixture as described and the enzymeactivity was de-
termined by the production of H2O2from the reaction after incubation at 28°C for 30 minutes.

Materials

DEAEToyopearl was purchased from Tosoh Manufacturing Co., Ltd. (Japan). Octyl Sepharose
CL-4B, Sephadex G-150 (superfine) and DEAE-Sephadex A-50 were products of Pharmacia Fine
Chemicals (Sweden). 2,4-Dichlorophenol, 4-aminoantipyrine, S^'-diaminobenzidine were obtained

from Nacalai Tesque, Inc. (Japan), H2O2 from WakoPure Chemical Industries, Ltd. (Japan) and
0-dianisidine from Sigma Chemical Company(U.S.A.). iV,7V'-Dimethyldodecamide was synthesized
from dimethylamine and dodecanoyl chloride. Patulolides A, B, C and isopatulolide C were isolated
and purified from the culture broth of P. urticae S11R59. Epipatulolide C and reduced patulolide B
were synthesized by the reduction of patulolides A and B, respectively, with (ter/-BuO)3-LiAlH2).
Dihydropatulolide C and dihydroisopatulolide C were obtained by the hydrogenation of patulolide
C and isopatulolide C, respectively, on Pd - C (5%) under atmospheric pressure of H2. Hydrolyzed
patulolide C was synthesized by hydrolysis of patulolide C by LiOHin methanol - H2Oat room tem-
perature for 45 hours. Standard proteins for molecular sieve HPLCand SDS-PAGEwere obtained
from Oriental Yeast Co., Ltd. (Japan) and Bio-Rad Laboratory (U.S.A.), respectively.

Results and Discussion

Wefound that a crude cell-free extract of P. urticae S11R59 could convert patulolide C to pa-
tulolide A, which was detected on the TLCplate of an extract of the reaction mixture. The presence
of the activity in the cell-free extract was further confirmed by the conversion of [14C]patulolide C to
[14C]patulolide A as well as the patulolide C-dependent appearance of patulolide A by HPLC analysis
(data not shown). Because it does not require any coenzymes for dehydrogenation even after ex-

tensive dialysis and H2O2seems to be produced during the conversion, this enzyme was suspected
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as a kind of oxidase. To study the character of this enzyme and the function of it in the biosynthesis
of patulolides, the enzyme was purified and characterized as described here.

Homogeneity
The enzyme preparation from the DEAE-SephadexA-50 chromatography showed a single and

symmetrical peak on molecular sieve HPLC(Fig. 4) and a single band on SDS-PAGE(Fig. 5). The
molecular weights of the enzyme under the denatured and native condition were identical (Mr 86,000),
indicating that the enzyme is monomeric. However, the enzyme preparation was separated into
two bands by isoelectric focusing (Fig. 6): One band showed pi value of 4.2 and the other of4.3. Both
bands showed patulolide C-dependent H2O2production as evident from the activity staining. There-
fore, the two enzymes appear to be isozymes of almost the same molecular weight. Weobserved two

more bands (totally 4) by activity staining when
the crude cell-free extract was applied on iso-

electric focusing. One showed a pi value a little
lower than 4.2 and the other a little higher than
4.3. Therefore, P. urticae S11R59 may have at

least 4 isozymes catalyzing the conversion of
patulolide C to patulolide A, two of which were

purified as described in this report. Although

we cannot exclude the possibility that these iso-
zymes may come from proteolysis during the

purification procedures, it seems unlikely from

the constant ratio between the two major bands
during the purification and the presence of four
isozymes even in the crude extracts.

Catalytic Properties of the Enzymes
Since the enzymes did not require any

Fig. 4. Molecular weight of native patulolide C
oxidases by molecular sieve HPLCon TSK-gel

G2000SWXL.

Fig. 5. Gel concentration gradient SDS-PAGEof patulolide C oxidases.
Lane 1 : Purified patulolide C oxidases from DEAE-Sephadex A-50. Lane 2: Mr marker proteins.
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Fig. 6. Analytical isoelectric focusing of patulolide
C oxidases.
Lane 1 : Protein staining with comassie brilliant

blue. Lane 2: Activity staining for oxidases with
2,4-diaminobenzidine. Lane 3 : Activity staining

for oxidases with odianisidine.

Fig. 7. Stoichiometric conversion of patulolide C

to patulolide A and H2O2 by patulolide C oxidases.
å¡ H2O2 production, O patulolide A production,

© patulolide C consumption. Patulolide A/
patulolide C= 1.00.

Fig. 8. Enzymatic conversion of patulolide C to patulolide A and H2O2by patulolide C oxidases.

Fig. 9. Optical absorption spectrum of patulolide
C oxidases isolated from Penicillium urticae SI 1R59.

possible coenzymes such as NAD+or NADP+
for the conversion of patulolide C to patulolide
A and H2O2production was dependent on the
presence of patulolide C, the enzymes seemed to
be a kind of oxidase. To examine this point
further, the stoichiometry for patulolide C,

patulolide A and H2O2 were determined and the
ratio for patulolide C - patulolide A - H2O2found
was 1 :1 :1 (Fig. 7). Therefore, the enzymatic

conversion of patulolide C to patulolide A must
be as shown in Fig. 8. Since the absorption

spectrum of the enzyme (Fig. 9) showed absorp-
tion maxima at 345 and 450nm, which is a
characteristic for flavin containing enzymes, the

enzyme is a flavin containing oxidases and was

The absorption of the enzyme was recorded by
using a Hitachi 220A spectrometer (Japan). The
enzyme preparation from DEAE-Sephadex A-50
was scanned from 250 to 600nm using 0.02|m
potassium phosphate buffer (pH 6.5) containing
10% glycerol as a blank.
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Fig. 10. The effect of patulolide C concentration on the activity of patulolide C oxidases.
Velocity, Vmax= 84.4 nmol/minute/mg protein, Km-23 jlim.

named patulolide C oxidases. Kmand Vmax
values were determined by conventional Line-

weaver-Burk plot (Fig. 10) to be 23 ^m and 84.4
nmol/minute/mg protein, respectively, using

patulolide C as substrate. The small value for
the Kmindicated that the enzymes can bind
patulolide C tightly.

Effect of pH and Temperature
Patulolide C oxidase had an optimum pH

for activity at around 7 and was stable at pH
6~ 9 in citrate, potassium phosphate or glycine-NaOH buffers. The oxidase seemed rather unstable
at acidic pH as evident from around 50% loss of the activity at pH 3.0.

Optimum temperature was determined to be around 35~40°C. Lower or higher temperature
resulted in a loss of enzyme activity. The oxidases were found stable up to 50°C, but lost almost all
activity at 60°C or higher.

Substrate-specificity

Various kinds of structurally related patulolide C analogues were examined as a potential sub-
strate for patulolide C oxidases (Table 2 and Fig. ll). All compounds except isopatulolide C were
synthesized by chemical modification of native patulolides A, B and C as described in Materials and
Methods. From Table 2, the enzymes utilized patulolide C as almost a sole substrate. Hydrolyzed
patulolide C which is a linear form of patulolide C could be a substrate but with only 0.04% reactivity.
Surprisingly, neither a cis isomer of patulolide C (isopatulolide C and reduced patulolide B) nor a C-4
epimer of patulolide C (epipatulolide C) served as substrate, indicating that the enzyme has severe
stereospecificity toward the trans geometrical isomerism of the C-2 double bond and the AS-configura-
tion of C-4 hydroxyl group. Furthermore, the presence of the C-2 double bond seemed to be very
important for enzyme activity because dihydropatulolide C which was derived from patulolide C did

Table 2. Substrate-specificity of patulolide C oxi-
dases.

^n hQtra t^Q RelativeSubstrates activity ( %)
Patulolide C 100. 00

Isopatulolide C 0. 003
Epipatulolide C 0. 003
Dihydropatulolide C 0. 007
Dihydroisopatulolide C 0. 010
Hydrolyzed patulolide C 0. 037
Reduced patulolide B 0. 004
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Fig. ll. Structurally related patulolide C analogues obtained from chemical modification of native
patulolide A, B or C.

not act as substrate. Fromthese lines of evidence, patulolide C oxidases are very specific enzymesin
converting patulolide C to patulolide A. During jar fermentation, specific activity of patulolide C
oxidases became highest at around 60~ 72 hours when patulolide C concentration reached a plateau
and patulolide A concentration was increasing. This fact together with the description of the enzyme
above supports that patulolide C should be a parent compound for the other patulolides and that

patulolide C oxidases play an important role in the early step of patulolides biosynthesis.
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