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The chloramphenicol producer Streptomyces

venezuelae contains an enzyme, SvTrpEG, that

has a high degree of amino acid sequence

similarity to the phenazine biosynthetic en-

zyme PhzE of certain species of Pseudomonas.

PhzE has the sequence signature of an

anthranilate synthase, but recent evidence

indicates that it catalyzes the production of

2-amino-4-deoxyisochorismate (ADIC), an in-

termediate in the two-step anthranilate syn-

thase reaction, not anthranilate. In order to

determine if SvTrpEG is likewise an ADIC

synthase, we have cloned the gene for

SvTrpEG, expressed the recombinant enzyme

in Escherichia coli, and purified the enzyme.

Analysis of the SvTrpEG-catalyzed reaction

mixture using UV-visible spectrophotometry,

fluorescence spectrometry, and high-perfor-

mance liquid chromatography shows that the

product of the reaction is anthranilate, not

ADIC. Our results therefore reveal that, despite

its sequence similarity to PhzE, SvTrpEG is an

anthranilate synthase, not an ADIC synthase.

(Ethn Dis. 2008;18[Suppl 2]:S2-9–S2-13)
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INTRODUCTION

The anthranilate synthase-catalyzed
reaction of the tryptophan biosynthetic
pathway (Figure 1) is a two-step process.1

The first step involves the transfer of an
amido group from glutamine bound to a
glutamine amidotransferase (TrpG) sub-
unit to chorismate bound to an anthra-
nilate synthase (TrpE) subunit (and loss
of a hydroxyl group from chorismate),
forming the intermediate 2-amino-4-
deoxyisochorismate (ADIC). The second
step utilizes an ADIC lyase activity in
TrpE to remove a pyruvate group (and a
proton) from ADIC, generating the
aromatic compound anthranilate. An-
thranilate synthase is feedback inhibited
by L-tryptophan. In most cases, the
enzyme functions as a heterotetramer,
TrpE2TrpG2, made up of separate (non-
fused) TrpE and TrpG subunits. Anthra-
nilate synthase enzymes from a number
of microorganisms, including Salmonella
typhimurium,2,3 Serratia marcescens,4 So-
lobus solfataricus,5,6 and Archaeoglobus
fulgidus,7 have been studied.

Phenazine compounds that have
antibacterial or cytotoxic properties are
produced by a number of species of
Pseudomonas and Streptomyces. A seven-
gene locus (phzABCDEFG) for the
synthesis of the compound phenazine-
1-carboxylic acid has been identified in
the fluorescent soil-dwelling bacterium
Pseudomonas fluorescens 2-79.8 Similar
genetic loci have been identified in P.
aureofaciens9 and in P. aeruginosa,10 an
opportunistic pathogen that infects and
forms difficult to treat biofilms in cystic
fibrosis patients. Within the seven-gene
loci is a gene, phzE (or phzB in P.
aureofaciens), encoding a protein with
amino acid sequence similarity to an
anthranilate synthase. The N-terminal
two thirds of the PhzE (and PhzB)

protein has sequence homology to the
TrpE subunit of anthranilate synthase,
and the C-terminal one third has
homology to TrpG. With its fused
TrpE and TrpG components (TrpEG),
PhzE most closely resembles a set of
similarly-fused anthranilate synthases
found in Streptomyces venezuelae,11

Streptomyces coelicolor,12 and some ni-
trogen-fixing bacteria.13,14

At the time that the fused trpEG
gene was discovered in S. venezuelae, it
was not clear whether it encoded a bona
fide anthranilate synthase or a choris-
mate-utilizing enzyme that might cata-
lyze the production of a phenazine
precursor.15 (Presently, no evidence
indicates that S. venezuelae makes a
phenazine compound.) Lending support
to this second possibility was the fact that
S. venezuelae TrpEG (SvTrpEG) had a
much higher sequence similarity to PhzE
(62%) than to the TrpE and TrpG
subunits of the anthranilate synthase
from Escherichia coli (<42%). (See
Figure 2 for a sequence alignment of
SvTrpEG with PhzE and other homol-
ogous enzymes.) A recent report showed
that the phenazine precursor is ADIC,
the intermediate in the anthranilate
synthase reaction,17 and unpublished
work (Dr. T-W Yu, personal communi-
cation) indicated that PhzE is an ADIC
synthase. The question then became
whether SvTrpEG might be an ADIC
synthase also. The work reported here
was designed to answer this question.

METHODS

Polymerase Chain Reaction
(PCR) and Cloning

Using nucleotide sequences available
in GenBank, PCR primers were de-
signed and used to amplify the gene for
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SvTrpEG from a plasmid (pDQ187)15

generously provided by Dr. Leo Vining

of Dalhousie University. The forward

primer had the sequence 59-GGAAC-

GACGGACCATATGGACCTCTC-39

and contained an Nde I restriction site

(underlined). The reverse primer had the

sequence 59-GGCGTCCGGGATCC-

TAGACCAGCAC-39 and contained a

BamH1 site (underlined). The resulting

1.9 kb PCR product was cloned by

means of its Nde1 and BamH1 sites into

the expression plasmid pET-15b (Nova-

gen), which generates a His-tagged

fusion protein upon induction of expres-

sion. The coding region of svtrpEG
within the recombinant plasmid was

sequenced to confirm that no mutations

were introduced by the PCR. (None

were, and the sequence matched the

sequence for svtrpEG in GenBank,

accession number AF012627).

Protein Expression
and Purification

The svtrpEG/pET-15b plasmid was

transformed into the E. coli expression

strain BL21(DE3)/pLysS (Novagen).

Fresh transformants containing the

recombinant plasmid were grown at

37uC in overnight LB cultures contain-

ing ampicillin (100 mg/mL) and chlor-

amphenicol (25 mg/mL). These were

used to inoculate larger LB cultures

containing ampicillin (100 mg/mL),

chloramphenicol (25 mg/mL), sorbitol

(1 M), and betaine (2.5 mM). The

cultures were initially grown at 37uC
but were shifted to a lower temperature

(22uC) and induced with isopropylthio-

galactoside (IPTG, 100 mM) when cell

density reached OD600 of 0.6. They

were grown for an additional 15 hours

after induction. The cells were then

harvested, resuspended in buffer A (lysis

buffer: 100 mM Tris-Cl, pH 8.0; 10%

glycerol; 1 mM EDTA; 1 mM dithio-

threitol [DTT]; 1 mM phenylmethyl-

sulfonyl fluoride [PMSF]) 25 units/mL

Benzonase nuclease [Novagen]; and

15 mM imidazole), and broken open

by using sonication. Cell debris was

removed by centrifugation, and the

crude extract was analyzed for expres-

sion of SvTrpEG by using sodium

dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE) and by West-

ern blotting with an anti-His tag

antibody. The crude extract containing

overexpressed protein was loaded onto a

Ni-NTA spin column (Qiagen) that

had been equilibrated with buffer B

(50 mM Tris-HCl, pH 7.5; 300 mM

NaCl; 5 mM b-mercaptoethanol; and

5% glycerol) containing 20 mM imid-

azole. The loaded column was washed

sequentially with buffer B containing

30 mM imidazole and 100 mM imid-

azole. The His-tagged SvTrpEG was

eluted with 250 mM imidazole in

buffer B, and the eluant was analyzed
for purity by using SDS-PAGE. This

final enzyme preparation was desalted
into buffer C (lysis buffer lacking

imidazole, nuclease and EDTA), dia-

lyzed in this same buffer containing
50% glycerol, and stored at 220uC.

Activity Assay
The standard 2-mL activity assay

contained chorismate (100 mM), gluta-
mine (7.0 mM), MgCl2 (12.5 mM)

and SvTrpEG enzyme (10 mg) in

50 mM Tricine solution buffered at
pH 7.5. A Fluoromax-3 photon-count-

ing fluorescence spectrometer ( Jobin-

Yvonne) was used for measuring pro-
duction of anthranilate over time. The

excitation and emission wavelengths

were set at 312 nm and 395 nm,
respectively (slit widths 2 nm). Protein

concentrations were determined by

using the BioRad protein reagent.

Determination of Chorismate
Concentration in Assay

Since chorismate degrades slowly
over time, and since the commercially-

available preparation of chorismate (Sig-

ma) is not 100% pure, we sought to
determine accurately the concentration

of the chorismate in the activity assay. To

do this, we determined (in triplicate),
based on the area of the 395 nm peak in

the fluorescence spectrum of the reaction

product and using an anthranilate stan-
dard curve, the amount of anthranilate

formed in a three-hour reaction at 35uC.

Then, using the 1:1 stoichiometric
relationship between anthranilate and

chorismate, we calculated the amount

of chorismate that had been present in
the assay. This calculation allowed us to

correct the concentration of the stock

chorismate solution that had been used.
We were confident that all of the

chorismate originally present in the assay
had been converted to anthranilate

because the equilibrium for the reaction

lies far to the right (K’eq<531030),18

and the reaction was essentially complete

after three hours (this study).

Fig 1. The anthranilate synthase-catalyzed reaction. Anthranilate, the product of the
reaction, absorbs at <312 nm and fluoresces at 395 nm.
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RESULTS

His-tagged recombinant SvTrpEG

was expressed in E. coli and purified by

using Ni-NTA affinity chromatogra-

phy. As can be seen from the SDS-

PAGE analysis in Figure 3, the purified

recombinant SvTrpEG enzyme prepa-

ration gave a single band corresponding

to a protein of molecular weight
67 kDa. This matches the molecular

weight calculated from the predicted

amino acid sequence of the recombinant
protein (including the His tag). We

sought to determine if SvTrpEG was an

ADIC synthase, as expected based on its
sequence similarity to PhzE, or an

anthranilate synthase. As can be seen
in Figure 4, the SvTrpEG-catalyzed

reaction produces anthranilate, not

ADIC. There are several lines of
evidence supporting this conclusion.

First, the product of the SvTrpEG-

catalyzed reaction gave an absorbance
spectrum similar to that of a standard

Fig 2. Multiple sequence alignment among P. fluorescens PhzE, P. aureofaciens
PhzB, P. aeruginosa PhzE, S. venezuelae TrpEG, and S. coelicolor TrpEG. Catalysis:
Residues important for catalysis in Salmonella typhimurium anthranilate synthase
(StAS)2 are indicated at their predicted positions (based on alignment) using the
upper-case single-letter code for the amino acid; residues implicated based on x-ray
data are indicated with a lowercase single-letter code.4 Regulation: Residues
important for tryptophan inhibition of StAS are indicated in bold uppercase.16 The
polypeptide linker between putative TrpE and TrpG domains is also indicated.
Numbering (superscripts) is that of StAS. The C-terminal end of TrpG has been
truncated in the figure: all sequences extend for another 70 or so amino acids.

Fig 3. SDS-PAGE analysis of the puri-
fied SvTrpEG enzyme. M = molecular
mass standards. TrpEG = 20 mg of
purified SvTrpEG. Molecular masses in
kDa are indicated on the left. SvTrpEG
migrates at <67 kDa.
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solution of anthranilate. Like anthrani-

late, it has an absorbance maximum at

<312 nm (Figure 4A). Notably, ADIC

absorbs at a different wavelength,

278 nm.1 Second, a compound that

fluoresces at 395 nm after being excited

at 312 nm accumulated over time in the

reaction mixture (Figure 4B, inset). The

fluorescence spectrum of this com-

pound is identical to that of an

anthranilate standard (Figure 4B).

Whereas anthranilate is known to

fluoresce at 395 nm, ADIC is not a

fluorescent compound.1 Third, when

the SvTrpEG-catalyzed reaction mix-

ture was analyzed by using reversed-

phase high-performance liquid chroma-

tography, the fluorescent product that

formed had a retention time that was

identical to that of a standard solution

of anthranilate, but not ADIC (data not

shown). Finally, the anthranilate-pro-

ducing activity of SvTrpEG was found

to be directly proportional to the amount

of enzyme added in the activity assay

(not shown); this result would be the

expected one for an enzyme-mediated

catalytic process. Altogether, these results

demonstrate that SvTrpEG catalyzes a

reaction that produces anthranilate.

Therefore, SvTrpEG is an anthranilate

synthase, not an ADIC synthase.

DISCUSSION

Lin et al,15 who studied the expres-

sion of the fused TrpEG from S.
venezuelae in an E. coli TrpE auxotroph,

were not able to conclusively establish

that the enzyme was an anthranilate

synthase. Our results demonstrate that it

is and therefore show that a fused

anthranilate synthase is present in S.
venezuelae. At the time, it was also

uncertain whether or not there were two

anthranilate synthase-like enzymes in S.
venezuelae, one involved in tryptophan

biosynthesis and the other involved

somehow in the biosynthesis of a

secondary metabolite.15 This issue is

still not settled.

The question remains, then, as to

what might be the physiological role of

the fused anthranilate synthase in S.
venezuelae. Is it involved in the produc-

tion of a precursor of a secondary

metabolite derived from chorismate?

Or, does it play a role in primary

metabolism, catalyzing a step in the

Fig 4. Analysis of the SvTrpEG-catalyzed reaction: A) by UV-visible spectrophotom-
etry. Top line, UV-visible spectrum of the SvTrpEG-catalyzed reaction mixture after
1 hour of reaction at 35uC. Bottom line, anthranilate standard. Both have an
absorbance maximum near 312 nm. Note that ADIC absorbs maximally at 278 nm;1

B by fluorescence spectroscopy (excitation at 312 nm, emission at 395 nm). Time
course showing a linear increase in fluorescence intensity at 395 nm (in counter per
second) over time (in seconds). The slope of the line represents the initial velocity
under the conditions of the assay.
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biosynthesis of tryptophan? In trying to

elucidate the role of the enzyme, it will

be important to determine whether or

not it is feedback inhibited by trypto-

phan. Generally, enzymes involved in

primary metabolism (tryptophan bio-

synthesis) are inhibited, while those of

secondary metabolism are not. It is also

noteworthy that, although a chorismate-

utilizing enzyme involved in the bio-

synthesis of chloramphenicol in S.
venezuelae has been identified, this

enzyme was not SvTrpEG. It was rather

a 4-Amino-4-deoxychorismate (ADC)

synthase that is encoded by a pabAB
gene present within the chlorampheni-

col biosynthetic gene cluster recently

identified.19 Thus, the role of TrpEG in

S. venezuelae primary and secondary

metabolism remains to be established.

Future work from our laboratory

will focus on the characterization of

SvTrpEG in terms of its steady-state

kinetic properties, including possible

feedback inhibition by tryptophan, and

its oligomerization state. Since SvTrpEG,

although similar in amino acid sequence

to PhzE, is an anthranilate synthase and

therefore has ADIC lyase activity whereas

PhzE does not, it will be of interest to

identify which residues in SvTrpEG

confer this additional lyase activity. (See

Figure 2 for the residues involved in

catalysis and feedback inhibition of S.
typhimurium anthranilate synthase). Site-

directed mutagenesis and the construc-

tion of chimeric TrpEG/PhzE enzymes

will be used to address this question.

In conclusion, the streptomycetes

are the primary producers of currently

available antibiotics used to treat bacte-

rial infections. The model streptomycete

Streptomyces coelicolor, whose genome

was sequenced recently,12 contains a

fused TrpEG similar to the one present

in S. venezuelae. For this reason, an

understanding of the structure and

function of SvTrpEG and its role in

metabolism will indirectly give insights

into the microbial physiology of S.
coelicolor and of streptomycetes in
general. A deeper understanding of
metabolism in streptomycetes will, in
turn, aid in the discovery of new
antibiotics, which will benefit all people,
but especially poor and minority pop-
ulations, who often are most adversely
affected by infectious disease.
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