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The D-phenylalanine-activating enzyme tyrocidine synthetase I (TycA) from Bacilus brevis ATCC 8185 was

overexpressed in Escherichia coli, purified to homogeneity, and assayed for ATP-PP. exchange and covalent
binding of phenylalanine by the thiotemplate mechanism. Amino acid exchanges in four different cores ofTycA
created by site-directed mutagenesis revealed the amino acid residues involved in aminoacyladenylate
formation and in covalent thioester formation. Mutations in the putative ATP-binding site SGTTGKPKG
caused a decreased phenylalanine-dependent ATP-PP1 exchange activity to 10%v of the wild-type level for a

Lys-186-to-Arg substitution and an almost complete loss of activity (<1%) for a Lys-186-to-Thr exchange.
Alteration of Asp-401 to Asn in the ATPase motif TGDL of TycA decreased the phenylalanine-dependent
ATP-PP1 exchange activity to 75% of wild type, while an Asp-401-to-Ser mutation decreased the activity to 10%S
of the wild-type level. Replacement of Ser-562 in the putative thioester-binding motif LGGDSI to Ala or Gly
caused a reduction in trichloroacetic acid-precipitable TycA-['4C]phenylalanine complex to one-third of the
wild-type level. However, no cleavable [14C]phenylalanine could be detected after treatment with performic
acid, indicating that the resulting mutant was unable to form thioester with phenylalanine. In E. coli, TycA was
labeled with I-[3H]alanine, a precursor of 4'-phosphopantetheine, indicating that TycA is modified with a

,B-alanine-containing cofactor.

Under sporulation-inducing growth conditions, Bacillus bre-
vis ATCC 8185 produces the peptide antibiotics tyrocidine and
linear gramicidin (18). Both compounds are produced nonri-
bosomally by large multifunctional enzymes via the protein
thiotemplate mechanism (32). The enzymes involved in the
biosynthesis of linear gramicidin have not been completely
characterized (2, 23), but the biosynthesis of tyrocidine has
been studied in detail (26, 27, 29, 30, 49). The cyclic decapep-
tide tyrocidine (D-Phe-Pro-Phe-D-Phe-Asn-Glu-Tyr-Val-
Orn-Leu-)c is synthesized by the aid of three multifunctional
enzymes; tyrocidine synthetases 1 (TycA), 2 (TycB), and 3
(TycC) activate and polymerize the 10 substrate amino acids.
TycA initiates peptide synthesis by activation of L-phenylal-

anine to the aminoacyladenylate by using ATP as the AMP
donor. The activated phenylalanyladenylate is then covalently
bound to TycA by a thioester linkage. After racemization, the
D-isomer of phenylalanine is transferred from TycA to an
activated proline residue on TycB. TycB activates proline and
links it to two molecules of phenylalanine, while TycC, the
third multienzyme, is responsible for the activation and con-

densation of the remaining six amino acids. Successive
transpeptidation is achieved with the aid of the cofactor
4'-phosphopantetheine, which acts as an internal transport
system for the growing peptide chain. To date, the presence of
4'-phosphopantetheine as a cofactor has been demonstrated
for TycB and TycC (28, 30) but not for TycA. The cloning (34)
and sequencing (64) of the tycA gene, however, revealed a

putative 4'-phosphopantetheine-binding site similar to those
found in grsB (58) and srfA (7, 12).
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The tycA gene is located at the 5' end of the tyc operon (39),
which is transcriptionally induced when cells enter the station-
ary phase of growth. Studies on the tyc promoter, which is
located 330 bp upstream of the tycA initiation codon, revealed
its dependence on the SpoOA-AbrB regulatory system (13, 35,
36, 46). The nucleotide sequence of tycA codes for a protein of
1,087 residues with a calculated mass of 126 kDa.
Sequence comparisons of TycA with other peptide syntheta-

ses and with a family of carboxy acid-activating enzymes
revealed a high degree of similarity within a region of about
600 amino acids, which was designated the functional domain
(58). This domain contains highly conserved core sequences of
3 to 10 amino acid residues which are believed to be essential
for amino acid activation and thioester formation (33). Figure
1 shows the functional domain of TycA with the relative
locations and sequences of six cores. From sequence homol-
ogy, cores 2 and 4, SGTTGKPKG and TGD, are believed to be
involved in ATP binding and hydrolysis (58), whereas the
serine of core 6, LGGHSL, has been shown to be the site of
thioester formation in the GrsB-Val and GrsB-Leu domains,
the second and fourth domains in gramicidin S synthetase 2
(54). Furthermore, the serine of this core in the first to fourth
domain of the surfactin-synthesizing enzymes is indispensable
for the biosynthesis of surfactin and thioester formation (11,
61, 62). Core 6 is present only in the thioester-forming
enzymes, not in the adenylate-forming enzymes. It also shows
good homology to the sequence motif of the 4'-phospho-
pantetheine-binding sites of acyl carrier proteins found in fatty
acid and polyketide synthetases (54). The sequence of core 3,
GELCIGG, contains the only cysteine which is conserved
among different multienzymes, including TycA, GrsB-Val,
GrsB-Orn, GrsB-Leu (the second to fourth domain of grami-
cidin S synthetase 2) (58), GrsA (gramicidin S synthetase 1)
(17), luciferase (10), and 4-coumarate:coenzyme A ligase (32).
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A T-3'; oligo C364S, 5'TCCGCCGATGCTCAATTCGCC-3';
oligo D401N, 5'-CCAThTFGGCCAAGTI'ACCTGTGCGG-3';
oligo D401S, 5'-CCATTllGGCCAAGCTACCTGTGCGG-3';

aa ° 200 4,00 600 800 1000 1087 oligo S562A, 5'-TCGCTTGGATCGCATCTCCGCCGAG
TycA 770 C-3'; and oligo S562G, 5'-CGCTlGGATCCCATCTCCG
Core 1 2 3 4 5 6 CC-3'. Each mutant plasmid was confirmed by sequencing by

the chain termination method of Sanger et al. (52) with the T7
B Core Sequence sequencing kit (Pharmacia). Each altered sequence was read in

a range of 250 bp around the mutated site. Mutations were

2 SGTTGKPKG observed only in the region where the mutant oligonucleotide
3 GELCIGG hybridized to the template single-stranded DNA.
4 TGD Expression of TycA. Plasmids containing a wild-type or
5 RIELGEIE mutant tycA gene were used to transform E. coli JM105.
6 LGGDSI Transformants were grown in 2 x YT supplemented with am-

FIG. 1. (A) Organization of cores in TycA. Solid bars represent picillin (50 g/ml) until 12 h after the cells entered the stationary
sequences with strong homologies to other peptide synthetases. phase. Induction was not necessary because TycA was ex-
Shaded bars represent sequences with reduced homologies. aa, amino pressed to high levels in the presence and absence of IPTG
acid. (B) Amino acid sequence of cores 1 to 6 in the one-letter code. (isopropylthiogalactopyranoside). Substantially higher activi-

ties in the amino acid-binding assay were obtained from TycA
preparations of late-stationary-phase cells than of early-sta-

This cysteine thus represents a possible candidate for a direct tionary-phase cells.
thioester linkage. Enzyme purification. All operations were carried out at 0 to
The aim of the present work was to obtain solid evidence for 4°C except the final purification on Mono Q, which was

the participation of multienzyme core sequences in substrate performed at room temperature. Cells were grown in 800 ml of
amino acid activation and thioester formation. This was 2 x YT medium, harvested in a GS-3 rotor (Sorvall) for 15 min
achieved by site-directed mutagenesis of TycA and subsequent at 6,000 rpm, and resuspended in a minimum volume of buffer
analysis of mutants. A simple test for phenylalanine racemiza- A (50 mM Tris [pH 8.0], 2 mM dithioerythritol [DTE], 1 mM
tion is also presented, and the labeling of TycA with -[3H]ala- EDTA). The suspension was sonified three times on a Branson
nine shows the incorporation of a 4'-phosphopantetheine Sonifier for 1 min each. The cell debris was removed by
precursor in TycA. centrifugation in an SS-34 rotor (Sorvall) for 15 min at 19,000

rpm, and the supernatant was mixed with an equal volume of
MATERIALS AND METHODS a saturated ammonium sulfate solution. After being stirred for

1 h, the precipitate was collected by centrifugation in an SS-34
Bacterial strains and media. Subcloning and expression of rotor for 15 min at 15,000 rpm. The pellet was dissolved in a

TycA were done in Escherichia coli JM105 (38). Transforma- minimum volume of buffer A, and 3-ml portions were applied
tion of mutated plasmids during site-directed mutagenesis was to a Superdex 200 HR 16/60 column. Elution was carried out
performed in E. coli TG1 (37). Incorporation experiments with in buffer A supplemented with 100 mM NaCl. Fractions which
,B-[3H]alanine were done in E. coli SJ16 (panD), a ,-alanine showed activity in the phenylalanine-binding assay were
auxotroph (19), and in E. coli JM105. Medium 2x YT (6) was pooled, adjusted to 1 M ammonium sulfate, and loaded on a
used as the rich medium for E. coli. Phenylsepharose HR 16/10 column for hydrophobic interac-

Materials. Tetrasodium 32PPi (16.06 Ci/mmol) and ,-[3- tion chromatography. The column was eluted with a linear
3H]alanine (91.5 Ci/mmol) were purchased from Du Pont-New descending gradient from buffer A containing 1 M ammonium
England Nuclear (Bad Homburg, Germany). L-[U-14C]pheny- sulfate to double-distilled water. Active fractions were com-
lalanine (474 mCi/mmol) and [a-35S]dATP (1,000 Ci/mmol) bined, dialyzed against buffer B (20 mM Tris [pH 8.0], 2 mM
were purchased from Amersham/Buchler (Braunschweig, Ger- DTE, 1 mM EDTA) and applied to an anion-exchange Mono
many). Superdex 200 HR 16/60, Phenylsepharose HR 16/10, Q HR 5/5 column. Elution was performed with a linear
and Mono Q HR 5/5 were run on a fast protein liquid gradient of 0 to 1 M NaCl in buffer B. The highly purified
chromatography (FPLC) system from Pharmacia LKB Bio- fractions were mixed with sucrose to a final concentration of
technology Inc. (Freiburg, Germany). 10% and stored at - 80°C. The mutant enzymes were purified

Cloning and mutagenesis. Subcloning of the 3.6-kb BamHI- in the same way.
PstI fragment of pGC12 (36) containing the structural gene of Determination of protein content. After each purification
tycA and an 80-bp upstream region into the multiple cloning step, the protein concentration of active fractions was mea-
site of pTZ19U (Pharmacia) was performed by standard sured by the Bradford method (5) with bovine serum albumin
procedures (51). Single-amino-acid exchanges were carried out as the standard.
by site-directed mutagenesis by the method of Taylor et al. (57) SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel
with a kit from Amersham/Buchler (Braunschweig, Germany). electrophoresis (SDS-PAGE) was done by the method of
The oligonucleotides used for amino acid substitution were Laemmli (25). The resolving gel contained 10% acrylamide,
obtained from TIB Molbiol (Berlin, Germany) and M. Krause 0.1% SDS, 375 mM Tris (pH 8.8), and 0.26% N,N-ethylenebi-
(Institut fur Molekularbiologie und Tumorforschung, Mar- sacrylamide. The stacking gel contained 4% acrylamide, 0.1%
burg, Germany). The sequences of the oligonucleotides were SDS, 125 mM Tris (pH 6.8), and 0.1% N,N-methylenebisac-
as follows: oligo G180A, 5'-GCCTGTCGTGGCTGAGGT rylamide. The dimensions of gel were 60 by 90 by 0.75 mm.
GTA-3'; oligo G183A, 5'-CT1T1'lGGCTl GGCTGTCGTG Samples from columns were treated with sample buffer (125
C-3'; oligo P185V, 5'-GGTGCCTITlACCTTGCCTGT-3'; mM Tris [pH 6.81,2% [wt/vol] SDS, 10% [vol/vol] glycerol, 5%
oligo K186R, 5'-GCATGGTGCCTCTTGGCTTGCCTGTC [vol/vol] mercaptoethanol, 1.25 mg of bromophenol blue per
G-3'; oligo K186T, 5'-GCATGGTGCCTGTTGGCT1TGCCT liter) for 15 min at 95°C. Total-cell extracts of E. coli were
GTC-3'; oligo G187A, 5'-CAAGCATGGTGGC7 lTlTlGGC obtained by suspending the cells in TE (10 mM Tris [pH 8.0],
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1 mM EDTA) supplemented with lysozyme (1 mg/ml) and
incubating them at 37°C for 30 min. The preparation was then
mixed with sample buffer and heated (see above). Electro-
phoresis was performed for 1 h at 40 mA. Gels were stained
with Serva Blue R. Gels loaded with P-[3H]Ala-labeled pro-

teins were soaked in Amplify (Amersham), dried, and fluoro-
graphed on an X-ray film (Kodak X-OMAT AR).

Assays. ATP-PPi exchange by TycA was measured essen-

tially as described by Lee and Lipmann (27). Each assay mix
contained 10 ,ug of enzyme per ml, 0.2 mM ATP, 1 mM
magnesium acetate, 1 mM DTE, 0.1 mM EDTA, 0.2 mM
D-phenylalanine, 0.1 mM Na4PPi, and 0.15 Ci of 32pp; in a total
volume of 70 RI. This assay was carried out after each step of
purification of the wild-type enzyme and after the final purifi-
cation step of the mutant enzymes.

Covalent binding of amino acid by the peptide synthetase
was tested as described previously (59). Each test mix con-

tained 50 RI of enzyme fraction, 50 mM Tris (pH 7.8), 1 mM
DTE, 2 mM ATP, 10 mM MgCl2, and 3 ,Ci of [14C]Phe in a

total volume of 100 pI. The mixture was incubated at 37°C for
20 min. The reaction was stopped with 2 ml of ice-cold 7%
trichloroacetic acid (TCA), and the mixture was incubated on

ice for about 20 min. TCA-precipitated protein was collected
on a glass fiber filter (GF92; Schleicher & Schuell, Dassel,
Germany) and washed with an excess of TCA, and bound
[14C]Phe was counted in a 1900CA Tri-Carb liquid scintillation
analyzer (Packard).

Cleavage of thioesterified amino acid was done as described
by Ullrich et al. (59). [14C]Phe covalently bound to TycA was

precipitated with TCA, and the precipitate was washed five
times with TCA and two times with ethanol to remove all
traces of unbound phenylalanine and dried in a vacuum. The
pellet was resuspended in a small volume of 80% formic
acid-6% hydrogen peroxide and incubated at 56°C for 30 min.
The reaction mixture was dried under vacuum. The pellet was
extracted several times with 50% ethanol, and the combined
ethanol phases were subjected to thin-layer chromatography
(TLC) for analysis.
TLC. Silica gel SI F plates (20 by 20 cm2; Riedel-de Haen,

Seelze, Germany) were used with solvent system A, 1-butanol-
acetic acid-H20 (40:10:10). Chiral plates (10 by 10 cm2;
Machery-Nagel, Duren, Germany) were used with solvent
system B, methanol-H 0-acetonitrile (50:50:200).

Incorporation of 3-[ HIalanine. E. coli SJ16 (48) was trans-
formed with pTZ19UtycA and maintained on agar plates with
minimal medium E (60) supplemented with 0.5% (wtlvol)
D-glucose, 0.0001% thiamine, 0.002% methionine, 0.01 mM
,B-alanine, and 50 p.g of ampicillin per ml. A 1-ml overnight
culture of these cells was centrifuged, and the pellet was

washed four times in medium E without 3-alanine to remove

all traces of 1-alanine. Labeling was done in 2 ml of medium E
supplemented with 0.5% (wt/Vol) D-glucose, 0.0001% thia-
mine, 0.002% methionine, 50 p,g of ampicillin per ml, and
P-[3H]alanine at a final concentration and specific activity of
0.3 puM and 91.5 Ci/mmol, respectively. The medium was

inoculated with 2 pI washed cells. Cells grown at 37°C for 24 h
in a waterbath shaker were harvested by centrifugation,
washed once with TE, and prepared for SDS-PAGE.
A simplified labeling procedure used E. coli JM105 with

pTZ19UtycA in 0.2 x YT, which has 1/10 the strength of
complete medium 2 x YT. A 1-ml amount of 0.2 x YT with 50
pug of ampicillin per ml was supplemented with 50 p1 of
,B-[3H]alanine (1 mCi/ml), inoculated with 5 ,u of an E. coli
JM105/pTZ19UtycA overnight culture, and incubated for 18 h
at 37°C in a waterbath shaker.

1 2 3 4 M

TycA -_

- 205 kDa

- 116
- 97

- 66

- 45

FIG. 2. Purification of TycA. Samples from each purification step
were analyzed on an SDS-10% polyacrylamide slab gel (see text). Lane
1, crude extract of E. coli JM105/pTZ19UiycA; lane 2, fraction after
Superdex 200 step; lane 3, enzyme from Phenylsepharose step; lane 4,
TycA from Mono Q step; lane M, molecular size markers.

RESULTS

Expression and purification ofTycA and TycA mutants from
E. coli. TycA was overexpressed in E. coli JM105/pTZ19UtycA
without induction by IPTG. Why is not fully understood, since
the tycA gene in pTZ19UtycA does not contain its own
promoter (36). Within the region just upstream of tycA,
however, are two sets of sequences that could potentially serve
as promoter sites for the major form of E. coli RNA poly-
merase (unpublished data).

After disintegration of cells, only half of the TycA prepara-
tion was soluble, while the other half remained in the insoluble
fraction. This was reported in an earlier study of TycA, in
which localization to the cytoplasmic membrane was suggested
(23). The soluble TycA was purified by 50% ammonium sulfate
precipitation, gel filtration on Superdex 200 HR 16/60, hydro-
phobic interaction chromatography on Phenylsepharose HR
16/10, and anion-exchange chromatography on Mono Q HR
5/5 as described in Materials and Methods. The result of each
purification step is shown in Fig. 2. The enzyme specific activity
was measured after each step by D-phenylalanine-dependent
ATP-PPi exchange (Table 1). After purification, homogeneous
TycA showed a 6.2-fold increase in specific activity.

Single-amino-acid changes in TycA (Fig. 3) were introduced
by site-directed mutagenesis of tycA (57). New amino acids
were selected for "safe" residue substitutions (4) to minimize
the risk of conformational changes in TycA. In core 2, we
replaced each of three glycines with alanine, the proline
residue with valine, and the second lysine (residue 186) with
arginine or threonine. Cysteine 364 of core 3 was replaced by
serine. In core 4, aspartate 401 was replaced by asparagine or
serine. During analysis of the mutants, an unexpected triple
mutation was observed. Instead of two changed nucleotides
leading to an Asp-401-to-Ser mutation, two additional nucle-

TABLE 1. Purification of TycA

Total Total Sp act Recovery Purification
Step protein activity' (nkat/ (%) (fold)

(mg) (nkat) mg)

Crude extract 548 805 1.47 100 1
Ammonium sulfate 153 643 4.20 80 2.9

fractionation
Superdex 200 106 614 5.78 76 3.9
Phenylsepharose 35.6 273 7.58 34 5.2
Mono Q 21.8 197 9.07 24 6.2

a One nanokatal (nkat) is the amount of enzyme catalyzing the incorporation
of 1 nmol of PPi into ATP per second.
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FIG. 3. Influence of point mutations in TycA on D-phenylalanine-dependent ATP-PPi exchange activity. The sequences of cores 2, 3, 4, and 6,
with the corresponding numbering of amino acids in TycA, are shown in the center. Vertical bars represent the deviation in ATP-PP, exchange
activity for each mutation relative to the wild-type level. The right-hand scale represents the activity values.

otides were replaced, leading to a change of three amino acids.
Serine 562 of core 6 was replaced by glycine or alanine.

Expression of the mutant proteins was comparable to wild-
type expression except for core 4 mutants. The Asp-401-to-Ser
mutant was expressed only to about 1/10 of the level of the wild
type, as judged by SDS-PAGE analysis. Other mutations of
glycine 400 in core 4 resulted in expression, but the proteins
were retained completely in the insoluble fraction.
ATP-PP; exchange. Figure 3 shows the influence of muta-

tions in cores 2, 3, 4, and 6 on phenylalanine-dependent
ATP-PPi exchange activity. Variations of the three glycines in
core 2 caused no significant alteration in exchange activity
compared with the wild type. The proline-to-valine mutant also
showed the activity level of the wild type. Only the two
lysine-186 mutations caused significant loss of activity. While
the replacement of lysine with the basic amino acid arginine
caused a 90% reduction in activity, the replacement of lysine
with the neutral threonine reduced the activity to less than 1%
(Table 2). Mutations in core 4 also decreased exchange
activity, but to a smaller degree than did mutations in core 2.
TycA with an aspartic acid-to-asparagine mutation showed a

decrease of 78% in exchange activity, while the aspartic acid
401-to-serine mutation caused only a 12% reduction in activity.
The exchange activity of the triple mutant was reduced to 3%
of the wild-type level. Replacement of cysteine 364 with serine
in core 3 or of the serine in core 6 with glycine or alanine had
no significant influence on ATP-PPi exchange activity com-

pared with the wild-type level.
Covalent binding of phenylalanine to TycA and cleavage of

thioesterified TycA-phenylalanine complex. Covalent binding
of phenylalanine to recombinant TycA from E. coli is very
inefficient. Only 1 to 1.5% of TycA from E. coli can be charged
with phenylalanine, compared with 40% for TycA from B.
brevis. Figure 4A shows a comparison of the phenylalanine-

binding capacity of TycA and three mutants with alterations in
cores 3 and 6. The cysteine-to-serine core 3 mutation led to an
increased binding capacity of about 60% over the wild-type
level, whereas the serine-to-alanine and serine-to-glycine mu-
tations of core 6 showed a decrease in binding capacity down to
30% of the wild-type level. These complexes were stable to
acid but decayed after treatment with performic acid. Only the
wild-type and the cysteine-to-serine mutant showed free phe-
nylalanine after performic cleavage, whereas the serine-to-

TABLE 2. D-Phenylalanine-dependent ATP-PPi exchange activities
of TycA mutants

Core Mutationa Exchange activity % of wild-type
(cpm/min/p.g) activity

None (wild type) 9,499 100

2 G180A 7,789 82
G183A 9,689 102
P185V 9,784 103
K186R 950 10
K186T 47 0.5
G187A 11,114 117

3 C364S 10,924 115

4 D401N 7,409 78
D401S 1,139 12
G400C, D401S, A403S 285 3

6 S562G 9,772 103
S562A 8,834 93

a Mutations shown as original residue and position followed by new mutant
residue.
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FIG. 4. (A) Charging of wild-type and mutant TycA with [14C]phenylalanine. Wild-type (WT) TycA and three mutants, C364S (cysteine 364
to serine), S562A (serine 562 to alanine), and S562G (serine 562 to glycine), were charged with [14C]phenylalanine in the presence (+) and absence
(-) of ATP. The vertical bars represent the radioactivity (disintegrations per minute) of TCA-precipitable TycA-[14C]phenylalanine complex per
microgram of enzyme. (B) Cleavage of TycA- and mutant TycA-[14C]phenylalanine complexes with performic acid and separation of cleavage
products by silica gel TLC. Lane 1, TycA; lane 2, C364S; lane 3, S562A; lane 4, S562G; lane 5, [1'C]phenylalanine. A part of phenylalanine is
converted to N-formyl-phenylalanine after treatment with performic acid (34).

alanine and serine-to-glycine mutants showed no cleavable
phenylalanine after separation by silica gel TLC and subse-
quent autoradiography (Fig. 4B).

Racemization of phenylalanine. To determine the racemiza-
tion capacity of mutant TycA, we introduced a simple new test.
After incubation of TycA with L-[14C]Phe, the generated
thioester was cleaved with performic acid. The separated
[14C]phenylalanine was then subjected to chiral plate TLC and
autoradiographed. The retention values were compared with
published data. The L- and D-forms of phenylalanine were
easily distinguished by their Rf values of 0.59 and 0.49,
respectively. Wild-type TycA and the cysteine 364-to-serine
core 3 mutant displayed no difference in phenylalanine race-

mization, whereas the serine 562-to-alanine and serine 562-to-
glycine core 6 mutants produced no detectable signal (Fig. 5).

Incorporation of P-[ H]alanine. Although core 6 of TycA
shows strong similarity to a pantetheine-binding site (54),
pantetheine was found only in TycB (29) and TycC (23) but not
in TycA in a microbiological pantothenic acid assay (43). We
used the in vivo incorporation of 3H-labeled 13-alanine to check
the 4'-phosphopantetheine content of TycA. pTZ19UtycA was
used to transform E. coli SJ16, which is a panD mutant that is

1 2 3 4

. *

N-Formyl-Phe

_ L-Phe

o-D-Phe

-_Start

FIG. 5. Analysis of TycA-[14C]phenylalanine cleavage products by
chiral plate TLC. Lane 1, control; commercially available L-["4C]Phe
slightly contaminated with D-["4C]Phe; lane 2, TycA; lane 3, C364S;
lane 4, S562A.
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FIG. 6. Analysis of 13-[3H]alanine labeling of E. coli JM105. (A)
SDS-10% PAGE of labeled E. coli extracts. Lane 1, crude extract of E.
coli SJ16/pTZ19UtycA grown overnight in minimal medium E supple-
mented with 0.5% (wt/Vol) D-glucose, 0.0001% thiamine, 0.002%
methionine, 50 g of ampicillin per ml, and 13-[3H]alanine at a final
concentration and specific activity of 0.5 M and 80 Ci/mmol, respec-

tively; lane 2, crude extract of E. coli JM105/pTZ19UtycA grown
overnight in 0.2 x YT supplemented with ampicillin (50 p.g/ml) and
3-[3Hlalanine at a final concentration of 0.5 p,M; lane K, TycA. (B)

Fluorography of SDS-PAGE gel from panel A. Lane 1, crude extract
of E. coli SJ16/pTZ19UtycA; lane 2, crude extract of E. coli JM105/
pTZ19UtycA.

defective in the biosynthesis of ,-alanine, the precursor of
4'-phosphopantetheine (19). Cells were starved for ,-alanine
by growth on minimal medium E plates and inoculated in
liquid medium E supplemented with ,-[3H]alanine. After 24 h,
the cells were harvested, and extracts were analyzed by SDS-
PAGE and fluorography. Several proteins with apparent mo-

lecular masses of about 20, 35, and 140 kDa were found to be
labeled. While the 20-kDa protein represents free acyl carrier
protein (ACP) (3, 8, 20), the 35-kDa protein represents an

unknown protein whose existence has been reported previ-
ously (45, 47). The 140-kDa labeled protein represents EntF, a

protein involved in enterobactin biosynthesis (50). This protein
is induced by iron starvation and was suppressed in minimal
medium supplemented with 10 p,M FeSO4 (data not shown).
No labeling of TycA could be detected under these conditions
in E. coli SJ16.

Sincq TycA was very weakly expressed in E. coli SJ16/
pTZ19 lyJcA grown in minimal medium E, we modified the
growth conditions to improve the expression of TycA, accept-

ing a lc wer 0-alanine incorporation efficiency. E. coli JM105
was trarisformed with pTZ19UtycA and labeled with 13-[3H]ala-
nine fo 18 h in 0.2 x YT medium. Cell extracts were then
analyze for the incorporation of ,-[3H]alanine by SDS-PAGE
and flus rography. The diluted rich medium (0.2 x YT) ensures

strong xpression of TycA and also allows good incorporation
of I,-[3 ]alanine. As shown in Fig. 6A, the expression of TycA
is muc stronger in E. coli JM105/pTZ19UtycA grown in

0.2 x (lane 2) than in E. coli SJ16/pTZ19UtycA grown in
mediun E (lane 1). The fluorograph in Fig. 6B shows predom-
inantly ntF and the 35-kDa protein in the overexposure of
lane 1 F. coli SJ16/pTZ19UtycA, medium E) and a labeled
TycA i lane 2 (E. coli JM105/pTZ19UtycA, 0.2xYT). In
additior.L to TycA, weak signals for EntF and the 35-kDa
protein were visible. The intensity of the 35-kDa protein in Fig.
6A, lan s 1 and 2, indicates the difference in labeling efficiency
in the tv to experiments and emphasizes the specific labeling of
TycA ir, lane 2. This specific incorporation of ,B-alanine in
TycA i a strong indication for the modification of this
multien rme with 4'-phosphopantetheine. In a control exper-

iment crried out in 0.2 x YT medium with E. coli JM105

bearing pTZ19U which did not contain the tycA gene, no signal
of the size of TycA could be detected (not shown).

DISCUSSION

Twelve TycA mutants were examined for their D-phenylal-
anine-dependent ATP-PP, exchange activity, for their racem-
ization capacity, and for their capacity to bind phenylalanine as
a thioester. The incorporation of,B-alanine into TycA was also
studied in vivo to determine the 4'-phosphopantetheine con-
tent in TycA.

Only mutations which altered lysine 186 in core 2 or
aspartate 401 in core 4 caused a significant decrease in specific
ATP-PPi exchange activity. Although core 2 (SGTTGKPKG)
shows only poor homology to the Walker A type motif,
GXXXXGK(T/S) (16, 63), it resembles this motif in that it is
rich in glycine and contains a lysine. This motif forms a
so-called phosphate-binding loop, which is found in all
guanosine and some adenosine nucleotide-binding proteins
(53). The lysine is supposed to bind the -y-phosphate of the
nucleoside triphosphate. The ATP-binding site of the plasma
membrane H+-ATPase of Neurospora crassa was determined
to be lysine by labeling with fluorescein 5'-isothiocyanate, a
derivative of ATP (40). Lysine was also identified as the
ATP-binding site of SecA, a protein involved in protein
transport across the E. coli plasma membrane (24). Therefore,
replacement of lysine with another basic amino acid should
cause a decrease to a residual TycA enzyme activity, whereas
replacement with an amino acid with altered functionality
should cause loss of activity. This was confirmed by the results
with the lysine-to-arginine and lysine-to-threonine mutants of
TycA.
The TGD motif of core 4 is a widespread motif among

cation-ATPases. The K+-ATPase of E. coli, the (Na++K+)-
ATPase from sheep kidney, the Ca2+-ATPase from rabbit
muscle (55), and H+-ATPase from N. crassa (1) show identity
in this motif. Labeling of yeast plasma membrane H+-ATPase
with 2-azido-ATP revealed a nine-residue peptide containing
the TGD motif (9). Furthermore, a mutation of aspartate to
asparagine dramatically decreased the specific activity of this
ATPase (41). Similar results are presented for TycA. Changing
aspartate to asparagine decreased the ATP-PPi exchange
activity to 78% of the wild-type level, whereas an exchange to
serine decreased the activity to 12%. The triple mutation
probably changes the conformation of the active site and is
therefore responsible for loss of activity. Why the aspartate-
to-asparagine mutant is more active than the aspartate-to-
serine mutant is not clear. These two series of experiments
confirm the role of lysine 186 in core 2 and aspartate 401 in
core 4 as essential residues in the interaction of TycA with
ATP. Since a crystallographic study of a TycA-ATP complex is
not yet available, direct evidence for the ATP-binding site or
the site of ATPase activity is lacking.
To study the formation of the TycA phenylalanine thioester

linkage, TycA mutants with alterations in core 3 and core 6
were tested for phenylalanine incorporation. Core 3 contains
the only cysteine which is conserved in a limited number of
peptide synthetases and thus represents the sole candidate for
direct thioester formation without an adapter molecule. Since
the cysteine 364-to-serine mutant shows an even higher bind-
ing capacity for phenylalanine than the wild type and is cleaved
by performic acid in the same way as the wild type, the
possibility of direct thioester formation can be excluded.
Alteration of serine 562 in the putative 4'-phosphopanteth-
eine-binding site to alanine or glycine causes a reduction in the
residual precipitable TycA-Phe complex level to one-third of
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the wild-type level, but no phenylalanine is removed after
treatment with performic acid. Since no labeled phenylalanine
was gained after treatment with performic acid, we conclude
that no cleavable thioester was present.

It seems that, to some extent, the precursor of the thioester,
the phenylal.anyladenylate, complexes with TycA and is copre-
cipitated by TCA treatment. Why this complex remains stable
in strong acid such as TCA is still unclear. The absence of any
signal in the autoradiograph of TLC preparations could be
explained by the loss of the labeled compound, which shows
altered solubility during the extraction procedure. This sug-
gests that serine 562 of core 6 is the site for thioester formation
in TycA. No loss of D-Phe-dependent ATP-PPi exchange
activity was detected in the serine 562-to-alanine or -glycine
mutants, which is in contrast to an observation of Vollenbroich
et al. (61). They reported the loss of glutamate-dependent
ATP-PPi exchange activity for a serine-to-alanine mutation in
the corresponding core of the first domain of surfactin syn-
thetase ElA. This enzyme catalyzes the incorporation of glu-
tamate, leucine, and D-leucine into the lipopeptide surfactin.
The reason for this discrepancy is not clear.

Earlier studies on GrsA (gramicidin S synthetase 1) used
enantiomer-specific amino acid oxidase for determination of
racemase activity (65). Separation of the cleavage products by
chiral TLC represents a new alternative for monitoring race-
mase activity. The TycA mutant with a change of cysteine to
serine in core 4 (GELCIGG) retained full wild-type racemiza-
tion capacity (Fig. 5). A comparison of the amino acid-
racemizing domains of peptide synthetases revealed four ho-
mologous motifs at the C-terminal end of each domain (12),
which were not the subject of this investigation. The racemiza-
tion reaction of GrsA is supposed to occur on the thioesterified
phenylalanine, and a base group has been suggested to func-
tion as a proton donor and acceptor during racemization (21).
Site-directed mutagenesis of the mentioned racemase motifs of
TycA and subsequent analysis by chiral plate TLC should
identify the amino acid responsible for racemization. This work
is in progress in our group.
To determine the 4'-phosphopantetheine content, TycA was

labeled in vivo with P-[3H]alanine. Labeling was successful in
E. coli JM105 in 0.2 x YT, but no clear signals were visible in E.
coli SJ16 in medium E. For labeling in E. coli, the correct
action of holo-ACP synthase is required. Holo-ACP normally
catalyzes the transfer of 4'-phosphopantetheine from coen-
zyme A to ACP. NodF, a protein of Rhizobium leguminosarum
which is involved in the nodule-forming process in plants, is
labeled with 3-alanine in E. coli, indicating that it is recognized
by the ACP synthase of E. coli (14). Several ACPs from
heterologous sources are correctly modified in E. coli. The
ACP of Saccharopolyspora erythraea was shown to be expressed
in E. coli and modified with 4'-phosphopantetheine to func-
tionality (44). Spinach ACP (15) and the ACP of tetraceno-
mycin C polyketide synthase TcmM of Streptomyces glauce-
scens (56) were modified with 4'-phosphopantetheine in E.
coli, as demonstrated by incorporation of J-[3H]alanine.
Our special interest is the incorporation of ,-[3H]alanine

into peptide synthetases. EntF activates L-serine in the biosyn-
thesis of enterobactin in E. coli and is labeled in vivo with
3-alanine (50), whereas 6-deoxyerythronolide B synthase 3 of

S. erythraea, which is involved in the synthesis of the polyketide
erythromycin A, could not be labeled in E. coli even though it
shows the 4'-phosphopantetheine-binding motif of ACPs (45).
We suggest that TycA is a poor substrate for the ACP synthase
of E. coli and that therefore modification of TycA with
4'-phosphopantetheine is incomplete. This explains the low
level (only 1.5%) of TycA which can be charged with phenyl-

alanine. The observation that only TycA from late-stationary-
phase cells of E. coli can be charged with phenylalanine could
be explained by another hypothesis. The concentration of E.
coli ACP synthase that transfers the 4'-phosphopantetheine
group from coenzyme A to a serine residue of the ACP could
be higher in the stationary phase of growth than in the
exponential phase of growth, or the concentration of the
competing FAS apo-ACP could be lower (42).
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