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SUMMARY

A partially purified enzyme fraction (Component I) of crude extracts of
Bacillus brevis ATCC 8185 which produces gramicidin A activated L-valine and
bound it as a thioester, and further formylated it in the presence of a formyl-
tetrahydrofolate synthesizing system. The same fraction catalyzed the synthesis
of enzyme-bound formylvalylglycine. The addition of Component I, which was also
partially purified, together with the constituent amino acids of gramicidin A
brought about the synthesis of enzyme-bound formylvalyiglycylalanine and formyl-
valylglycylalanylleucine (or a longer intermediate).

Gramicidin A is a Tinear pentadecapeptide with an antibiotic activity. It

is produced by Bacillus brevis ATCC 8185 which produces another antibiotic pep-

tide tyrocidine. The structure of gramicidin A was elucidated to be N-formyl-Val-
Gly-Ala-D-Leu-Ala-D-Val-Val-D-Val-Trp-D-Leu-Trp-D-Leu-Trp-D-Leu-Trp-ethanolamine
by Sarges and Witkop (1). Bauer et al. obtained a cell-free system which synthe-
sized a pentadecapeptide bound to an enzyme protein by a thioester bond with the
sequence of gramicidin A and suggested that the formylation of the N-terminal
valine took place after completion of the peptide chain (2). Akers et al. further
reported the synthesis of the N-terminal heptapeptide lacking a formylgroup by a
partially resolved enzyme system (3).

On the contrary we reported previously that an enzyme fraction (Component I)
partially purified from crude extracts of B. brevis ATCC 8185 could activate and
bind L-vaiine as a thioester and that the formylation of this enzyme-bound L-
valine took place in the presence of a formyl-THFA synthesizing system (4). We

also demonstrated the formation of enzyme-bound formylvalylglycine. In this paper

Abbreviations: THFA, tetrahydrofolic acid; DTT, dithiothreitol; BSA, bovine
serum albumin.
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we present evidence that Component I itself catalyzes the transformylation reac-

tion to enzyme-bound L-valine and that stepwise elongation of the peptide chain

takes place starting from formylvaline.

MATERIALS AND METHODS.

Enzyme Preparation. Cultivation of Bacillus brevis and preparation of crude
extracts were carried out as described by Fujikawa et al. (5). The cell-free ex-
tracts (130 ml) obtained from 30 g wet weight of cells were brought to 45 % satu-
ration with solid (NH4) 504. Thirty minutes after all (NH,),S0, had dissolved,
the suspension was centgifuged (10,000 x g, 15 min). The 6réci itates were dis-
solved in 12 ml of potassium phosphate buffer (pH 7.1, 0.1 M) containing 1 mM DTT
and 2 mM MgC1, (Buffer A) and dialyzed against 2 1 of the same buffer for 15
hours. Fiftegn milliliters of the dialyzed sample was applied to a Sephadex G
200 superfine column (5 x 100 cm) which was equilibrated with Buffer A. The col-
umn was eluted with Buffer A and 4 ml fractions were collected. Fractions which
had ATP-PP. exchange activity dependent on all the five constituent amino acids
were pooled and applied to a DEAE-cellulose column (2 x 32 cm) equilibrated with
Buffer A containing 10 % glycerol. The column was eluted with a linear gradient
of 800 ml potassium phosphate buffer (pH 7.1) from 0.1 to 0.4 M which contained
T mM DTT, 2 mM MgCl, and 10 % glycerol, and 5 ml fractions were collected. The
elution patterns of “ATP-PP. exchange activity dependent on glycine, L-valine, L-
alanine and L-Teucine are hown in Fig. 1. Fractions of Peak I which activated
L-valine and glycine and fractions of Peak II which activated L-alanine, L-Teucine
and L-valine were combined,separately, and condensed by DiaFio membrane PM 10.
These two fractions were termed Component I and I, respectively, and used in the
following experiments.

Sucrose Density Gradient Centrifugation. Two tenths milliliter of Component
1 mixed with bovine liver catalase [EC 1.11.1.6], bovine serum albumin (BSA) and
cytochrome C as standards was layered on 11.6 ml of a 5-20 % sucrose density gra-
dient in 50 mM potassium phosphate buffer, pH 7.1, containing 2 mM MgCl, and 1T mM
DTT, and centrifuged for 18 hours at 38,000 rpm in a SW 41 rotor in a Bgckman
ultracentrifuge. Three tenths milliliter fractions were collected with an ISCO
Model 640 density gradient fractionator.

Assay for the Synthesis of Formylated Valine and Intermediate Peptides Bound
to Enzyme Proteins. The reaction mixture (0.13 ml) contained tritiated amino
acids (New EngTand Nuclear) together with unlabeled amino acids as indicated in
each legend, 20 mM MgCl,, 3 mM ATP, 7 mM DTT, 1.5 mM phosphoenolpyruvate, 0.5 ng
of inorganic pyrophosphétase [EC 3.6.1.1] (Boehringer), 1 ug of pyruvate kinase
[EC 2.7.1.407 (Boehringer), 40 mM potassium phosphate, pH 7.0, and an appropriate
amount of Component I alone or together with Component I. The pH was adjusted to
6.5 by the addition of 0.3 M CH,COONa buffer, pH 3.7. After 5 min incubation at
37°, twenty microiiters of a fo%my]—THFA synthesizing system consisting of HCOONa
(final 1 mM), NH,C1 (final 4 mM), THFA (final 1mM, Sigma) and formyl-THFA synthe-
tase [EC 6.3.4.3?[100 ug, purified from pigeon liver acetone powder through the ASI
stage according to the method of Jaenicke and Brode (6)] was added to the above rea
tion mixture. Incubation was further carried out at 37° for 15 min. The reaction
was stopped by the addition of 1 ml of cold trichloroacetic acid (10 %). The pro-
cedures for liberation of enzyme-bound amino acids, formylated valine and peptides
by alkali treatment were described previously (4). Formylated products liberated
from the enzymes were separated by passage through Dowex 50 column free of amino
acids. The validity of this method was shown in the previous paper (4).
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Figure 1. ATP-PP. Exchange Activity Dependent on Constituent Amino Acids of
Gramicidin A in DEAE-cellulose Fractions. The experimental conditions were
described in MATERIALS AND METHODS. The ATP-PP. exchange reaction dependent
on the amino acid as indicated was performed as described previously except
that 50 mM concentration of each amino acid was used (5). O, L-valine; e,
glycine; B, L-alanine; M, L-Teucine.

RESULTS

Separation of Gramicidin A Synthesizing Enzymes from the Heavy Enzyme of Tyro-

cidine Synthetase. Since the heavy enzyme of tyrocidine synthetase contains L-

valine and L-Teucine dependent ATP—PPi exchange activity and is capable of bind-
ing these two amino acids as thioesters (7, 8), it is essential to remove this
enzyme from Component I and Component I of gramicidin A synthetase which acti-
vate and bind L-valine and L-leucine {possibly as D-leucine), respectively.

Fig. T shows that the contaminating heavy enzyme (Peak II) of tyrocidine synthe-
tase was separated from Component I (Peak I) and I {Peak II) by DEAE-cellulose
column chromatography.

Formylation of Component I-Bound L-Valine. In the previous paper (4) we reported

that the addition of an ammonium sulfate fraction of crude extracts of B. brevis
together with a formyl1-~THFA synthesizing system to Component I in the presence

of L-valine and glycine brought about the synthesis of Component I-bound formyl-
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TABLE I. Formylation of Component I-Bound L-Valine

Radioactivity
Incubation Before Dowex 50 Passed through Dowex
time (min) column {cpm) 50 cotumn  {(cpm)
2,350 50
2,490 430

The, reaction conditions for the binding of L—[3H]va11ne (12.5 Ci/mmole, 12 uM) to
Component I were described in MATERIALS AND METHODS, except that sucrose (final

2 %) and 100 ug of BSA were added to 0.1 ml of the reaction mixture. After 20
min incubation at 37° the reaction mixture was passed through Sephadex G 50

fine column (0.5 x 5 cm) equilibrated with 20 mM potassium phosphate buffer

(pH 6.0) containing 5 %.sucrose, 1 mM DTT and 2 mM MgCl,. The effluent contain-
ing Component I-bound [“H]valine {4,300 cpm) was 1ncuba%ed for the indicated
time with the formyl-THFA synthesizing system in the final volume of 0.15 ml.
The procedures for isolation of formylvaline were described in MATERIALS AND
METHODS. The amount of radiocactivity recovered as an acid-stable form was about
a half of that put into the reaction mixture, indicating that a half of Compo-
nent I-bound valine was acid-labile valyl adenylate as shown by Gevers et al. (9).

valine and formylvalylglycine. In order to confirm that Component I-bound L-
valine was formylated but not free valine, the Component I-L-valine compiex was
isolated by Sephadex G 50 gel filtration and incubated with the formyl-THFA syn-
thesizing system. As shown in Table I, the amount of radiocactivity which passed
through a Dowex 50 coTumn after incubation increased 9-fold that of the O-time
control, indicating that a part of Component I-bound L-valine was formylated.
Since the formylation of Component I-bound valine took place without formyl-THFA
synthetase when formyl-THFA was used (data not shown), the above results suggest
that Component I itself possesses transformylase activity.

Sucrose Density Gradient Centrifugation of Component 1. Fig. 2a shows the pro-

file of ATP-PPi exchange activities of Component I dependent on L-valine and gly-
cine in sucrose density gradient centrifugation. Both activities are in parallel
throughout the fractions of Peak I suggesting that they reside in one protein
moiety. The nature of the valine activating activity at Peak I was not further
studied. The sedimentation coefficient for Component I was estimated to be 9.0

in comparisons with the S values of catalase, BSA and cytochrome C. The approxi-
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Figure 2. Sucrose Density Gradient Centrifugation of Component I. a. ATP-PP,
exchange activity dependent on L—vg]ine and glycine., 0, L-valine; ®, glycine.

b. Total radioactivity and formyl[ H]valine,bound to Component I. The procedures
are described in MATERIALS AND METHODS. [“Hlvaline (12.5 Ci/mmole, 12 uM) was
used. The positions of cytochrome C (2.1 S), BSA (4.3 S) and catalase (11.3 S)
were determined by their absorbancy at 280 nm. The ATP-PP. exchange activity

was determined as described in the Tegend to Fig. 1. !

mate molecular weight of Component I is calculated to be 180,000 according to the
method of Martin and Ames (10). Fig. 2b shows the total radioactivity (valine plus
formylvaline) and the radioactivity of formylvaline bound to Component I in each
fraction of Peak I of sucrose density gradient centrifugation after incubation with
L—[3H]va1ine and the formyl-THFA synthesizing system. The profile of the total
radioactivity and that of the radiocactivity of formylvaline formed are similar and
the ratios of the two throughout the central three fractions are constant, 0.65
That the ratios in the adjacent tubes, No. 19 and No. 23 are lower, about 0.4, may
be resulted from dissociation of the transformylase subunit from Component I
caused by dilution in these two fractions. In fact, when the center fraction,
Fraction No. 21, was assayed at the same protein concentration as in Fraction No.
23, the ratio of enzyme-bound total valine to formylvaline formed was reduced from
0.65 to 0.4. Thus, the efficiency of the formylation of Component I-bound valine
throughout the Component I fractions in sucrose density gradient centrifugation
would be constant, 0.65, confirming that Component I itself is capable of formylat-

ing valine bound to itself as was shown in the previous section.
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TABLE II. Stepwise Elongation of Formylated Intermediate Peptides.

Radioactivity passed through

Amino acids added Dowex 50 column (cpm)

[3Hval 3,050
[3Hval, Gy 3,750
BHval, 61y, Ala 4,900
3uval, Gly, Ala, Leu 4,800

Experimental procedures were as described gn MATERIALS AND METHODS, except that
Tris buffer, 125 mM, pH 7.4 was used. L-[“HvaTline (5.0 Ci/mmoTe, 12 uM) and
unlabeled amino acids (20 uM) were used.

Elongation of Formylvaline to Intermediate Peptides of Gramicidin A. Component I

catalyzes the synthesis of enzyme-bound formylvaline and formylvalylglycine as
reported previously (4). The addition of Component I which activates L-alanine,
L-Teucine and L-valine together with these amino acids to this system revealed

the stepwise elongation of the formylated peptide chain. Table I shows that the
amount of formylated L-[3H]va11ne associated with Component I and I increased with
the stepwise addition of the constituent amino acids according to the sequence of
gramicidin A when both Component I and I were present.

Figs. 3b-3g show elongation products revealed by TLC, when a labeled amino
acid was added together with other unlabeled constituent amino acids to the
reaction mixture. The detailed conditions are described in the legend. Spot I
and I in Fig. 3a are formylvaline and formylvalyiglycine as were proven in the
previous paper (4). When labeled alanine was added together with unlabeled
valine and glycine, Spot Il appeared as shown in Fig. 3e, indicating that Spot II
must be formylvalylgiycylalanine. When labeled Teucine together with unlabeled
valine, glycine and alanine was used, Spot IV appeared as shown in Fig. 3f,
suggesting that Spot IV is formylvalylgiycylalanylleucine (or a Tonger inter-
mediate). Spot V and VI in the same figure may be the further elongated inter-
mediate peptides containing leucine of gramicidin A, but their identities are not
known at present. It should be noted in Fig. 3e that there is also a faint spot

corresponding to Spot IV without the addition of L-Teucine to the reaction mixture
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Figure 3. Incorporation of Labeled Amino Acids to Formylated Intermediate Peptides.
Experimental procedures were the same as those in the legend to TABLE II. Labeled
amino acids (5.0 Ci/mmole, 12 uM) and unlabeled amino acids (20 uM) were used.

The procedures for TLC and autoradiography were described previously (4).

0, Origin; F, Front. Roman numerals indicate radioactive spots. The additions

to each reaction mixture are as follows.

Enzymes added Amino acids added

a. Component I [3H]Va], [gH]Gly

b. Component I Val, [3H]Gly

¢. Component I, Component II Val, [3H]Gly, Ala

d. Component I, Component I val, [“H]Gly, 3 Ala, Leu
e. Component I, Component I Val, Gly, [“H]Ala 3

f. Component I, Component I val, Gly, 3 Ala, [“H]Leu
g. Component I val, Gly, [“H]Ala
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suggesting that there is endogenous leucine in the enzyme preparations, which
brings about the product of Spot IV. This fact may explain the result in Table I
that the addition of unlabeled leucine did not increase the amount of Tabeled
formylated valine associated with the enzyme above the level of the addition of
unlabeled amino acids upto L-alanine. Fig. 39 shows that the omission of Com-
ponent I from the same reaction mixture as in Fig. 3e abolishes the synthesis of
formylvalylglycylalanine, indicating that Component I is essential for the pep-
tide chain initiation. Fig. 3b, ¢ and d show the results of the incubation of
labeled glycine together with unlabeled valine, unlabeled valine and alanine,

and unlabeled valine, alanine and leucine, respectively. In Fig. 3b, only Spot O
corresponding to formylvalylglycine is found. In Fig. 3c, Spot O ,II and IV are
observed, formylvalylglycylalanine corresponding to Spot II being distinct.
Further addition of leucine intensified the radiocactivity of Spot IV (Fig. 3d).
These results are compatible with the results presented in Table I that elonga-

tion of the peptide chain takes place in a stepwise fashion.

DISCUSSION

The results presented above show that the initiation of gramicidin A synthe-
sis takes place by the formylation of the enzyme-bound N-terminal L-valine residue
This reaction is very unique in that an enzyme protein activates and binds an
amino acid, and that it in turn serves as an acceptor for the transformylation
reaction catalyzed by a transformylase which is also present as a complex with
the substrate, an enzyme-bound amino acid.

Once Component I-bound valine is formylated, apparently it is transferred to
glycine which is also bound to Component I as a thioester. It is not known at
present that the transfer of formylvaline to glycine involves phosphopantetheine
arm as in the case of gramicidin S, tyrocidine and bacitracin synthesis (11-14}.
When Component I with thioesterified alanine and Teucine is present, the formyl-
dipeptide is transferred to alanine as in the case of tyrocidine synthesis, and

further to leucine (15). It seems that the biosynthetic mechanism of gramicidin A
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is very similar to those of gramicidin S, tyrocidines and bacitracins. However,
in order to elucidate the detailed mechanism of gramicidin A biosynthesis, it is
necessary to obtain the enzyme fractions which elongate further the peptide chain
and terminate it by adding ethanolamine at the C-terminal of the peptide.

In the work presented we used only L-form of amino acids as the constituent
amino acids of gramicidin A. However, the antibiotic peptide contains two D-valine
residues and all four leucine residues of it have the D configuration. Component I,
in fact, activates both L- and D-leucine. We obtained a fraction which activated
L-valine and D-valine. This situation is similar to that of gramicidin S synthe-
sis, in that both L- and D-phenylalanine are activated by the Tight enzyme of gram-
jcidin S synthetase (16, 17). We have also isolated another fraction which acti-
vates mainly leucine and tryptophan. We are now testing these fractions for fur-

ther elongation of the intermediate peptides formed by Component I and Component I.
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