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1. production 

The biosynthesis of gramicidin S is catalyzed by 
the enzyme system gramicidin S synthetase, which 
consists of the phenylalanine racemase (EC 5.1.1.11, 
100 000 daltons) and a multienzyme (synthetase, 
280 000 daltons) [ 1 ]. The enzymes activate amino 
acids by formation of aminoacyl-adenylates, which 
are accepted by specific thiol groups in an aminoacyla- 
tion step. Polymerization proceeds from these active 
esters by the ‘protein-thiotemplate mechanism’ [2]. 
The specifity of this nucleic acid-free polyme~zation 
appears to be lower than that of the ribosomal system, 
since evidence for various substitutions by amino acid 
analogues has been reported [ 1,3]. In this report, the 
formation of a peptide in the absence of Lvaline and 
the replacement by L-leucine [4] is confirmed by 
enzymatic synthesis and product analysis. 

2. Materials and methods 

2.1. Cellgrowth 
Cells were grown in 7% bacto~ptone, 7% yeast at 

37”C, harvested at the end of the logarithmic phase, 
frozen and stored at -20°C. 
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2.2.1. Preparation of the crude extract 
Cells, 50 g wet wt, were suspended in 250 ml 50 mM 

TES-buffer (pH 7.0) containing 2 mg/ml lysozyme, 
12 mM DTE and 1 mM PMSF. The suspension was 
incubated at 30°C for 20 min and cent~fuged for 
10 min at 25 000 X g. All the following steps were 
performed at 4°C. KCl was added to the supernatant 
to final cont. 0.3 M and the mixture treated with a 
10% polyethyleneimine solution (neutralised and dia- 
lysed 24 h against water) to final cont. 0.4%. After 
10 min stirring, the suspension was centrifuged 
10 min at 25 000 X g. The supernatant was adjusted 
to 45% saturation of ammonium sulfate by the addi- 
tion of a saturated solution (pH 7.2,0.1 mM EDTA). 
After 20 min the precipitate was collected by centri- 
fugation for 10 min at 45 000 X g, dissolved in 5 ml 
20 mM buffer P (20 mM sodium phosphate, pH 7.2, 
2 mM DTE, 0.25 mM EDTA). 

2.2.2. Sepharose 6B-Cl filtration 
The predialysed crude extract was applied to a 

Sepharose 6B-Cl column (5 X 80 cm) equ~ibrated 
and eluted with buffer P. The enzymes were localized 
by the amino acid-dependent ATP-PPi exchange [ 51 r 
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The overall rate of biosynthesis was estimated by the 
millipore assay [6] to be 3.5 nM gramicidin S/min X 

mg protein. 

2.3. Peptide biosynthesis 
The enzyme fractions (about 150 ml) were col- 

lected in a batch reactor. The necessary biosynthesis 
components had been dissolved and neutralised pre- 
viously in 50 ml 20 mM sodium phosphate buffer and 
added to the enzyme fractions, resulting in end vol. 
200 ml with the following final concentrations: 
ATP 20 mM; EDTA 0.25 mM; MgClz 20 mM; 
DTE 10 mM; Phe, Pro and Leu 10 mM; [3H]Orn 
(0.1 mCi/mM) 1 mM as the limiting concentration. 
The reaction mixture was stirred gently at 30°C 
under careful Ns aeration to avoid enzyme oxida- 
tion. During the reaction aliquots were taken to 
calculate the amount of synthesized product by 
counting the incorporated radioactivity on millipore 
filter. 

2.4. Product isolation 
The protein denaturated during the incubation 

was centrifuged at 15 000 X g for 10 min. Super- 
natant and pellet were extracted twice with n-butanol. 

Most of the synthesized product was found 

adherent to the pellet. The collected extracts were 
evaporated and dissolved in 1 ml methanol. Besides 
the product the extract contained impurities as Phe, 
Leu and phenylalanylprolyl-diketopiperazine. 

The extract was applied to a Sephadex G-25 column 

(2.5 X 40 cm) equilibrated and eluted with 50% acetic 
acid [7]. The product was located by liquid scintilla- 
tion counting. Purity was checked by thin-layer 
chromatography on silica gel (fig.3). 

2.5. Enzymatic hydrolysis 
Product, 200 pg, was dissolved in 100 ~1 100 mM 

Tris buffer (pH 7.2) and 400 pg subtilisin Carlsberg 
in 400 ~1 Tris buffer were added. The mixture was 
incubated for 40 h at 37°C. The completeness of the 
reaction was checked by thin-layer chromatography. 

For further purification of the product, the reac- 
tion mixture was applied to an Aminex Q-l 5 S column 
(0.9 X 30 cm, 5 1°C) and eluted with a gradient 0.2 N 
pyridine acetate (pH 3.1) to 2.0 N pyridine acetate 
(pH 5.0). The product was localized by radioactivity 
counting. 
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2.6. Amino acid analysis 
Samples were hydrolyzed with 5.7 N HCl at 110°C 

for 22 h. Analyses were performed on a Durrum 
D-500 instrument. 

2.7. Sequence determinations 
Manual Edman degradations were carried out 

essentially as in [8], the amino acid sequence was 
deduced by the subtractive method. Dansyl amino 
acids were separated on polyamide sheets in two 
dimensions using the solvent systems water :formic 

acid = 200:3 and benzene:acetic acid = 9: 1. Phenyl 
thiohydantoin amino acids were identified by 
chromatography on silica thin-layer plates in the 
solvent systems chloroform:n-propanol:iso-propanol = 
98: 1: 1 and propionic acid:n-heptane:dichloroethane = 
17:58:25 and visualized under ultraviolet light. 

Hydrazinolysis was carried out as in [9]. 

2.8. Materials 
Yeast and bactopeptone for growth of Bacillus 

brevis were from Difco. N-Tris(hydroxymethyl)- 
methyl-2-aminoethane-sulfonic acid (TES); dithio- 

erythritol (DTE); lysozyme and subtilisin Carlsberg 
were from Sigma. Phenylmethanesulfonylfluoride 

(PMSF) was from Merck. Polyethyleneimide-P was 
from BASF Ludwigshafen, Sepharose 6B-Cl was 
from Pharmacia. Phenylalanine, leucine, ornithine 
and ATP were from Merck, proline was from Sigma. 
[3H]Ornithine was from NEN, tetrasodium ““PPi 
from Amersham. Silica gel sheets F 1500 and poly- 
amide sheets F 1700 were obtained from Schleicher 
and Schiill. 

3. Results 

3 .l . Enzymatic peptide synthesis 
The formation of a peptide in the absence of the 

constituent amino acid L-valine can be observed at 
sufficiently high concentrations of L-leucine (fig.1). 
An app. Km 1.5 mM was estimated for the complete 
process, which is similar to the Km ascribed to 
Lleucyl-adenylate formation at the valine activation 
site [lo]. In fig.2 the biosynthesis rate of the peptide 
in the absence of L-valine is compared with the bio- 
synthesis rate of gramicidin S. In the absence of 
L-valine the reaction stopped after -1 h, when 5% 



Volume 93, number 2 FEBS LETTERS September 1978 

_I 
1 25 

5- LEU[mM] 
10 

b 
Fig. 1. Rate of biosynthesis as a function of leucine concentra- 
tion. Incubations were carried for 15 min at 37°C in 200 r.d/ 
test. Concentrations were: sodium phosphate @H 7.2) 
20 mM; ATP 10 mM; MgCl, 50 mM; DTE 10 mM; EDTA 
1.25 mM; Phe and Pro 5 mM; [3H]Om (50 mCi/mM) 
0.2 mM. 

limiting amino acid ornithine had been incorporated. 
The reason for this limiting value is not yet under- 
stood. The product obtained showed a similar behav- 
iour in thin-layer chromatography as gramicidin S 
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Fig.2. Rate of biosynthesis by a crude enzyme preparation 
under similar conditions as described in section 2. (-VAL) 
indicates the peptide formation in the absence of L-valine, 
(+VAL, LEU) indicates the gramicidin S formation in the 
presence of all the constituent amino acids. (-LEU) and 
(-VAL, LEU) are the control tests in the absence of 
L-leucine and both L-valine and L-leucine. 
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Fig.3. Thin-layer chromatography of: (A) purified product 
(RF 0.69); (B) labelled gramicidin S (RF 0.64); (C) product 
resulting from the enzymatic hydrolysis with subtilisin 
Carlsberg (RF 0.25); (D) product resulting from the enzy- 
matic hydrolysis of gramicidin S with subtilisin Carlsberg; 
(E) mixture of amino acids used for product synthesis 
(1 = [3H]Orn, 2 = Pro, 3 = Leu, 4 = Phe). Chromatography 
was done on silica gel with ethylacetate:pyridine:acetic 
acid:water = 60:20:6:11; spots were visualized by nin- 
hydrin reaction. The labelled compounts were detected 
with a Berthold thin-layer scanner. 

(fig.3). On acid hydrolysis the amino acid composi- 
tion LeusPheProOrn was obtained. The peptide was 
thus assumed to be (3,3’-Leu)-gramicidin S. To prove 
this structure, synthesis was performed on a prepara- 
tive scale to obtain sufficient material for characteriza- 
tion. About 34 mg (3-4 pmol) of labelled product 
were isolated by one preparation. 

3.2. Enzymatic hydrolysis and sequence analysis 
Hydrolysis of gramicidin S by subtilisin Carlsberg 

leads to identical pentapeptides of the structure 
Orn-Leu-D-Phe-Pro-Val [ 111. The valine-free pep- 
tide was hydrolyzed under similar conditions, and a 
single product was obtained (fig.3). The proposed 
structure Orn-Leu-D-Phe-Pro-&u could be 
verified by the subtractive Edman method and, in 
addition, confirmed by the dansyl-Edman procedure 
and chromatography of the phenyl thiohydantoin 
amino acids (table 1). The crucial valine replacement 
at the carboxyl terminal end of the linear pentapep- 
tide could be identified by hydrazinolysis unequi- 
vocally as leucine . 

3.3. Molecular weight determination and mass 
spectrometrk analysis 

The peptide was estimated to be mol. wt 1170 f 2 
(proposed 1169.7) by field desorption mass spectro- 
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Table 1 
Sequence of the peptapeptide 

Amino acid 
composition 

Orn - tiLe - Phe - Pro - Leu 
- --_,++ 

t 
1.0 2.0 1.0 1.0 

The substitution of leucine by valine on the other 
hand is not observed. The nature of this discrimina- 
tion is not yet understood, since isoleucine and nor- 
leucine apparently may replace leucine [ 131, and even 
D-leucine is accepted in the activation reaction [ 141. 

1. Edman 0.0 2.0 1.0 1.0 - 
2. Edman _ 1.2 1.0 1.0 
3. Edman - ITZ 0.0 1.0 
4. Edman _ 1.0 Z- 0.3 - 
Hydrazinolysis - _ _ _ 0.6 
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