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Summary

An enzyme synthesizing the cyclic hexapeptide, ferrichrome, was partially
purified from extracts of Aspergillus quadricinctus by fractional (NH,),SO,
precipitation and Bio-Gel A 1.5 m filtration. About a 20-fold purification was
achieved. The enzyme system incorporated 6-N-acetyl-6-N-hydroxyornithine
into ferrichrome and catalyzed ATP-PP; exchange reactions, dependent on the
constituent amino acids, glycine and &-N-acetyl-8-N-hydroxyornithine, in the
presence of Mg?*. The optimal temperature was 27°C.

K., values were 3.1-107* M for glycine and 5.3 - 107 M for 8-N-acetyl-5-
N-hydroxyornithine. Both K,, values were significantly lowered in the presence
of 1-107% M Fe®'. From the inhibition experiments it is concluded that sulf-
hydryl groups of the enzyme are involved. Both monomers are covalently
bound to the enzyme in the course of the reaction. A molecular weight of
1.1 - 10°® was determined by gel filtration. As the partially purified protein frac-
tion also catalyzed transacetylation of hydroxyornithine from acetyl CoA, the
peptide synthesizing activity may be part of a multienzyme complex.

No ferrichrome synthetase activity can be found when the fungus is grown in
the presence of 1 - 1075 M Fe3*.

Introduction

Whereas numerous publications have appeared on non-ribosomal peptide
synthesis in procaryotes, very little is known about cell-free biosynthesis by a

* Present address: Gesellschaft fiir Biotechnologische Forschung, Mascheroder Weg 1, D-3300 Braun-
schweig-St6ckheim, F.R.G.
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Fig. 1. Chemical structure of ferrichrome [2].

comparable enzyme system in eucaryotes. In a previous paper [1], it was
reported that we succeeded in preparing cell-free extracts from Aspergillus
fumigatus and Aspergillus quadricinctus catalyzing the incorporation of L-gly-
cine into ferricrocin and ferrichrome (Fig. 1). To elucidate the mechanism of
biosynthesis of cyclic hexapeptides in fungi, we have partially purified and
characterized the enzyme from A. quadricinctus.

Materials and Methods

Radioactive materials and chemicals. **C-Labelled amino acids and [**P]PP;
were purchased from New England Nuclear (Dreieichenhain), [*H]acetic anhy-
dride from Amersham Buchler (Braunschweig). All nucleotides and proteins for
molecular weight determination were obtained from Boehringer Mannheim, the
chemicals for the fermentation media and TLC and electrophoresis from E.
Merck (Darmstadt). The sources of other materials are indicated in the text.

Microorganisms and the preparation of cell-free extract. A. quadricinctus
Yuill (CBS 135.52) was grown on a glucose-asparagine medium as described in
earlier publications [3,4]. Cell-free extracts were prepared as published [11,
except that the mycelium was homogenized prior to sonication by a 5 s treat-
ment with an Ultra Turrax (Janke and Kunkel, Staufen).

Preparation of 8-N-acetyl-8-N-hydroxy-L-ornithine. The published method
[5] for the preparation of acetylhydroxyornithine by acetylation of hydroxy-
omithine, that had been obtained by hydrolysis of fusigen, was modified. Hy-
droxyornithine was chromatographed on Dowex 50W-X8 (Serva Feinbiochem-
ica, Heidelberg) and assayed by iodine oxidation [6]. The yield was 83%.

Samples of the acetylation product were purified by preparative thin layer
electrophoresis [7] at pH 5.0, on cellulose (20 V/cm, 35 mA, 30 min). The
neutral acetylhydroxyornithine moved 1.2 cm towards the cathode, its location
being indicated by spraying with ninhydrin. From each plate (20 X 20 cm)
1 mg acetylhydroxyornithine was recovered.

3H-Labelled acetylhydroxyornithine was prepared by acetylation of 30 mg
hydroxyornithine with 10 mCi [2-*H]acetic anhydride (spec. act. 10 mCi/
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mmol). The yield was 7.8 mg 3H-labelled acetylhydroxyornithine. The sub-
stance was ninhydrin and FeCl; positive, and did not react with triphenyl tetra-
zolium chloride or in the iodine oxidation test. The absorption coefficient in
the Fe(ClO4);/HCl1O,-test [8], €3%; = 0.94 was used.

Assay of ferrichrome synthesis. Ferrichrome-synthesizing activity was
assayed by measuring the incorporation of radioactivity when one of the two con-
stituent amino acids was labelled. The reaction mixture contained the following
in a final volume of 1 ml; 50 umol Tris-HCl buffer (pH 7.2)/10 umol MgCl,/12
umol ATP (neutralized)/2 umol dithiothreitol (Sigma, St. Louis)/either 1 uCi
L-['*C]glycine (0.02 uCi/mmol) plus 0.01 umol acetylhydroxyornithine or 0.4
uCi [acetyl-*H]-acetylhydroxyornithine (10 mCi/mmol) plus 5 umol glycine
and enzyme solution. The mixture was incubated at 22° C for 20 min. The reac-
tion was terminated by adding 20 ml ethanol/2 mg FeCl; - 6 H,0/0.5 mg ferri-
chrome, Isolation and purification of ferrichrome was performed as described
[1]. Radioactivity was measured in a scintillation counter (Isocap 300, Nuclear
Chicago, Amsterdam) using Instagel (Packard, Frankfurt) as a solvent and
external standardization.

Assay of ATP-[3*P]PP,; exchange. Isotopic exchange between pyrophosphate
and ATP was measured as described by Calendar and Berg [9] using the modifi-
cation of Walker et al. [10]. The mixture was incubated at 25°C for 10 min.
Radioactive ATP was collected on charcoal filter (Ederol 69/K, Bintzer, Hatz-
feld) according to Simlot and Pfinder [11] and counted in Quickzint 501
(Zinsser, Frankfurt).

Results

Preparation of partially purified enzyme. The time course of fermentation is
shown in Fig. 2. The mycelium from 20 erlenmeyer flasks (150 ml medium
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Fig. 2. Time course of fermentation by Aspergillus quadricinctus, -———=a mycelium weight; ¢——o,
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TABLEI
PURIFICATION OF FERRICHROME SYNTHETASE

Enzyme activity mncorporation test with 12 mM ATP, [acetyl-3H]acetylhydroxyornithine as labelled
substrate, 21°C.

Fraction Volume Protein Enzyme activity Punfication
(ml) (mg/ml)
total specific
(dpm) (dpm/mg)

(NHg4),2 S04 precipitation

0—40% 3 1.55 1767000 380 000 6.6 *
40—65% 3 3.30 316 000 32000 0.6 *
65—980% 3 3.89 128 000 11000 0.2 *
Bio-Gel A1.5m 1.6 0.22 4317 760 1216 000 3.2 **

* Related to protein in all extract after precipitation with 90% (NH4),2S04.
** Related to 0—40% (NH4)2 504 fraction.

each) was harvested when the concentration of ferrichrome in the medium
reached 200 mg/l. After cell disruption by homogenization and sonification
the suspension was filtered and centrifuged at 8000 X g for 20 min. The super-
natant (protein content 1—2 mg/ml) was subjected to fractional (NH,).SO,
precipitation. The fraction precipitated by 40% saturation (Table I) was applied
to a Bio-Gel A 1.5 m column (Biorad, Miinchen; 100—200 mesh, 2 X 94 cm)
and eluted by 0.1 M Tris-HCl buffer, pH 7.2, containing 1 mM dithiothreitol
(Fig. 3). The overall purification in the pooled fractions was about 20-fold
(Table I).

8-N-Acetyl-8-N-hydroxy-L-ornithine as a precursor of ferrichrome biosyn-
thesis. To answer the question whether acetylhydroxyornithine might function
as a precursor for ferrichrome synthesis, 1.35 uCi radioactive-labelled acetyl-
hydroxyornithine was added to an incorporation test with a total volume of
5 ml, containing 1-107° M glycine and 12.2 mg crude enzyme. After incuba-
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Fig. 3. Filtration of crude ferrichrome synthetase on Bio-Gel A 1.5 m. ¢——9, enzyme act!wty deter-
mined in the incorporation test with labelled acetylhydroxyornithine (see text); 12 mM ATP; 21°C.
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TABLE II

ACTIVATION OF GLYCINE AND ACETYLHYDROXYORNITHINE BY PURIFIED FERRICHROME
SYNTHETASE

AHO, acetylhydroxyornithine.

Substrate Protein Exchange
(mg)
(dpm) (nmotl)
- 0.103 448 10.9
Glycine 1 - 1073 M 0.103 2046 49.9
AHO1:-105M 0.103 2128 51.9
Glycine1-103 M+ AHO1-10"5 M 0.103 559 13.6

tion at 21°C for 15 min and careful purification of ferrichrome by TLC on
silica gel, firstly with the solvent system chloroform/methanol/water (65 : 25 :
4), secondly n-propanol/acetic acid/water (4 : 1 : 1) (for experimental details
see Ref. 1), about 1% of the radioactivity was found in ferrichrome. With
higher concentrations of glycine (51072 M) up to 15% incorporation was
achieved.

Amino acids dependent ATP-PP; exchanges. When aminoacyl adenylates are
formed in the first step of the reaction sequence, exchange of radioactivity
from [3*P]PP; to ATP may be observed. Results of exchange experiments are
shown in Table II. It is remarkable that exchange is almost negligible when
both amino acids are added together. This may indicate that during ferrichrome
biosynthesis the concentrations of aminoacyl adenylates are extremely low.

Variations of the ferrichrome synthetase test. The test shown in Table III
indicated that all components of the test mixture, except dithiothreitol which
had an protecting effect, were absolutely necessary for ferrichrome synthesis.
Mg>* could be replaced by the same concentration of Mn?*, but not by Ca?*,
Zn?*, Co** or Fe**. ATP cannot be replaced by GTP, CTP or UTP. When L-ala-
nine was added instead of glycine or L-serine was added together with glycine,
no synthesis of a hexapeptide containing L-Ala or L-Ser was observed. Further-

TABLE III
OMISSION TEST FOR FERRICHROME SYNTHETASE
AHO, acetylhydroxyornithine.

Test Incorporation * Activity
(%)
(dpm) (nmol)
Complete 650 59.0 100
Dit%léo threitol 260 23.6 40.1
Mg 22 2.0 3.3
ATP 9 0.8 14
AHO 16 1.5 2.4
Protein 12 1.1 1.8

* Test contains in 1 ml: 1.02 mg raw extract protein/0.1 uCi [14C]glycine (20 yumol)/0.1 M Tris-HCl,
pH 7.2.
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TABLE 1V

Km VALUES AND MAXIMAL VELOCITIES FOR GLYCINE 'AND ACETYLHYDROXYORNITHINE
IN THE PRESENCE OF 1 - 10~6 M Fe3* (0.188 MG PROTEIN/TEST)

AHO, acetylhydroxyornithine.

Amino acid Fe3+ Km v
(M) (nmol - min~1)
Glycine — 3.08-107% 0.80
Glycine 1-106 M 2.53 - 1074 0.80
AHO — 5.34 -1076 1.05
AHO 1-1076 M 3.72-1076 1.05

more, no ferrichrome synthesis took place when the linear di- or tri-peptides of
glycine (Fluka, Neu-Ulm) replaced glycine.

In amino acid activation reactions it is quite usual to observe a sharp peak of
activity dependent on ATP concentration. We found a concentration of 11 mM
ATP optimal in crude extracts, but 2 mM optimal after purification by gel
filtration. In both cases, higher concentrations of ATP are strongly inhibitory.

While testing the temperature dependence of the enzyme we were surprised to
find that at 22°C (optimal) the activity is a 1000-fold higher in crude extracts
than at 37°C. Optimal temperature for the partially purified enzyme was 27°C
(more than a 3-fold increase in activity compared to that at 37°C).

K,, values and activation by Fe**. K., and V values for glycine and acetylhy-
droxyornithine were determined by using the ferrichrome synthetase test and
varying the concentrations of the amino acids. Data were plotted according to
Lineweaver and Burk [12]. Results are given in Table IV.

While studying the effect of Fe** on ferrichrome synthetase (enzyme) syn-
thesis, we had to check the possible influence of Fe3* on the ferrichrome syn-
thetase reaction. In crude extracts we observed a 50% activation of ferrichrome
synthesis at 1-107% M Fe3*. Addition of Fe3* to purified protein in experi-
ments for K,, and V determinations revealed a significant lowering of K, values
for both amino acids, leaving the V values unchanged (Table IV).

Inhibition by SH-group blockers and covalent binding of amino acids. To
investigate inhibitory effects of sulfhydryl blockers, dithiothreitol was omitted
from the ferrichrome synthetase test mixture. Both reagents tested, p-chloro-
mercuribenzoate and N-ethylmaleinimide were strongly inhibitory, leading to
50% reduction of enzymatic activity at 1.1 - 107 M and 1.0 - 107° M, respec-
tively.

In the previous publication it was shown that addition of ribonuclease to the
test system had no effect on ferrichrome synthesis {1]. In order to demonstrate
covalent binding of glycine and acetylhydroxyornithine, as was postulated in
analogy to the reaction mechanism in gramicidin S [13], thyrocidine and baci-
tracin biosynthesis, labelled precursors were added to the reaction for ferri-
chrome synthesis singly or together. The mixture was incubated at 22°C for
30 min and the reaction stopped by abrupt cooling at 0°C. The solution was
then applied to a Bio-Gel P60 column (1 X 30 cm) and eluted with 0.1 M Tris-
HCl, pH 7.2, 1 mM dithiothreitol buffer. The exclusion volume was 6 ml;
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monomeric amino acids were eluted at 17 ml. Protein eluted around the exclu-
sion volume was collected and the radioactivity in this pool counted. 10 uCi
[1*C]glycine alone yielded 9760 dpm in the protein peak; 5 uCi [*H]acetyl-
hydroxyornithine yielded 24 780 dpm; the same amounts of both components
added together yielded only 32 dpm. The label was retained when the protein
was precipitated by trichloracetic acid. This fact mainly seems to prove covalent
binding of both amino acids. With both amino acids present, the very low label
might be explained by an instant release of ferrichrome after completion.

Molecular weight of ferrichrome synthetase and test for transacetylase activ-
ity. The same column that had been used for preparative isolation of ferrichro-
me synthetase (Fig.3) was calibrated with bovine serum albumin, aldolase,
catalase and ferritin. The peak of ferrichrome synthetase has K,, value of 0.12
which corresponds to a molecular weight of about 1.1 - 108.

The rather high molecular weight gave rise to the speculation whether the
protein possibly catalyses other reactions besides peptide bond synthesis. Ear-
lier work in Emery’ [14] and our laboratory [5] had shown that in the fungi
tested, ornithine is hydroxylated to hydroxyornithine first and then actylated
to the hydroxamate. Therefore, we have tested the partially purified protein
for transacetylase activity according to the method of Ong and Emery [14].

After incubation at 27°C for 20 min formation of 1.1 nmol hydroxamate
was determined. The same amount of protein formed in a parallel synthetase
test under the same conditions 2.2 nmol ferrichrome.

Repression of ferrichrome synthetase biosynthesis by Fe**. A. quadricinctus
was grown in glucose-asparagine medium containing increasing amounts of Fe3*
(1-107% up to 1 - 107* M). The mycelia were collected by centrifugation after
3 days and disrupted by ultrasonic treatment. Protein was precipitated by
(NH,),804 (0.90 s). The supernatant from the fermentation broth was assayed
for ferrichrome content.

The activity of ferrichrome synthetase was repressed to 50% (compared
with medium without addition of Fe3*) at 2.0 - 1077 M Fe3*. At this iron con-
centration the extracellular ferrichrome content is lowered by 15% only. At
1-107° M Fe** in the medium, no ferrichrome synthetase could be detected,
the residual ferrichrome content was 15%.

Discussion

The partial purification (removing endogeneous substrates) of ferrichrome
synthetase allowed a preliminary characterization of the enzyme from A. qua-
dricinctus. It activates and binds glycine and §-N-acetyl-8-N-hydroxyornithine
prior to the formation of the hexapeptide ring. The introductory reaction is the
reversible formation of aminoacyl-AMP from amino acid and ATP. The overall
reaction may be formulated as

2+
3 Gly + 3 acetylhydroxyornithine ATRME, ferrichrome + 6 H,0O

Because of the low purity of the enzyme we did not persue the activation by
Fe®* at the moment. Likewise, K,, values and the optimal concentration of
ATP must be rechecked after complete purification.

We have no interpretation for the unusual temperature optimum at 27°C. No
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indications for a similar behaviour of enzymes catalyzing the synthesis of gra-
micidin S, tryrocidine and bacitracin could be found in the literature. On the
other hand, Ong and Emery [14] mentioned the increased inactivation of §-N-
hydroxyornithine: acetyl CoA-6-N-transacetylase from Ustilago sphaerogena
at temperatures above 20°C.

The molecular weight of ferrichrome synthetase (1.1 - 10°%) is even higher
than that which was found before [15] for fusigen synthetase from Fusarium
cubense (8 - 10°). From studies of the biosynthesis of gramicidin S and valino-
mycin it was concluded that each protein chain that activates a single amino
acid has a molecular weight of about 7 - 10* or 8 - 10°, respectively [16,17].
According to this consideration the molecular weight of ferrichrome synthetase
is much higher than necessary for the activation of 3 glycine and 3 acetylhy-
droxyornithine molecules and the cyclization steps. One might speculate that
ferrichrome synthetase is a multienzyme complex carrying other catalytic
properties. Indeed, first tests for transacetylase activity were positive. We are
now looking particularly for an ornithine hydroxylating enzyme.

The repression of enzyme biosynthesis by Fe®* is still another example for
the well known regulation of enzymes that participate in the synthesis of
siderophores (iron-complexing metabolites) [18—23].
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