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ABSTRACT

The gene (denoted aroQ,-pheA) encoding the bifunctional P-protein (chorismate mutase-
P/prephenate dehydratase) from Xanthomonas campestris was cloned. aroQ, pheA is essen-
tial for L-phenylalanine biosynthesis. DNA sequencing of the smallest subclone capable of
functional complementation of an Escherichia coli phenylalanine auxotroph revealed a pu-
tative open reading frame (ORF) of 1200 bp that would encode a 43,438-Da protein.
AroQ,-PheA exhibited 51% amino acid identity with a Pseudomonas stutzeri homologue and
greater than 30% identities with AroQp-PheA proteins from Haemophilus influenzae, Neis-
seria gonorrhoeae, and a number of enteric bacteria. AroQ,-PheA from X. campestris, when
expressed in E. coli, possesses a 40-residue amino-terminal extension that is lysine-rich and
that is absent in all of the AroQp-PheA homologues known at present. About 95% of
AroQ,-PheA was particulate and readily sedimented by low-speed centrifugation. Soluble
preparations of cloned AroQ,-PheA exhibited a native molecular mass of 81,000 Da, indi-
cating that the active enzyme species is a homodimer. These preparations were unstable af-
ter purification of about 40-fold, even in the presence of glycerol, which was an effective
protectant before fractionation. When AroQp-PheA was overproduced by a T translation
vector, unusual inclusion bodies having a macromolecular structure consisting of protein
fibrils were observed by electron microscopy. Insoluble protein collected at low-speed cen-
trifugation possessed high catalytic activity. The single band obtained via SDS-PAGE was
used to confirm the translational start via N-terminal amino acid sequencing. A perspective
on the evolutionary relationships of monofunctional AroQ and PheA proteins and the
AroQp-PheA family of proteins is presented. A serC gene located immediately upstream of
X. campestris aroQ,-pheA appears to reflect a conserved gene organization, and both may
belong to a single transcriptional unit.

Rationale for terminology: It is unfortunate that the early Escherichia coli auxotrophs for phenylala-
nine and tyrosine were denoted pheA and tyrA before it was known that each gene product was bifunc-
tional, carrying two catalytic domains. Each domain corresponds to individual proteins in many other or-
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ganisms. It is becoming increasingly awkward, especially where multiple molecular-genetic comparisons
are being made, to use acronyms whose meaning is different in different organisms. We, therefore, pro-
pose the following definitions. pheA encodes monofunctional prephenate dehydratase; -pheA encodes the
prephenate dehydratase domain of a P-protein. fyrA encodes monofunctional prephenate dehydrogenase;
‘tyrA encodes the prephenate dehydrogenase domain of a T-protein. The AroQ family of chorismate mu-
tase proteins is encoded by the following genes. Monofunctional chorismate mutase (commonly called
chorismate mutase-F) is encoded by aroQy. The chorismate mutase domain of the bifunctional P-protein
is encoded by aroQ),-, whereas the chorismate mutase domain of the bifunctional T-protein is encoded by
aroQ,-. The chorismate mutase domain coexisting with a DAHP synthase domain on a bifunctional pro-
tein is encoded by aroQ,-. In addition to the AroQ family of chorismate mutase homologues, at least two
additional families exist: the AroH family represented by Bacillus subtilis and cyanobacteria and the AroR
family represented by yeast and higher plants. It is possible that the AroQ and AroR families may belong
to a common superfamily (see text). The P-protein is called AroQp-PheA, and the T-protein is called
AroQ,TyrA. The convention of using a bullet to separate the named domains of a fusion protein or to
separate the corresponding coding regions is according to the precedent of Crawford with tryptophan-path-
way genes (Crawford, 1989).

INTRODUCTION

he enzymatic chorismate-to-prephenate rearrangement by chorismate mutase reaction is a universal step

of initial carbon flow commitment to biosynthesis of L-phenylalanine and L-tyrosine. In nature, subse-
quent enzymatic steps vary for the L-phenylalanine pathway (Jensen, 1992). Prephenate can be transami-
nated to L-arogenate via prephenate aminotransferase and then converted to L-phenylalanine via arogenate
dehydratase. Alternatively, prephenate can be converted to phenylpyruvate via prephenate dehydratase and
then transaminated to L-phenylalanine. Some organisms possess a broad-specificity enzyme, cyclohexadi-
enyl dehydratase, which is competent for catalysis of both the prephenate dehydratase and arogenate de-
hydratase reactions.

Two of the three major divisions of gram-negative bacteria possess a bifunctional P-protein that carries
two catalytic domains, one specifying chorismate mutase (AroQy) and another specifying prephenate de-
hydratase (-PheA). This must have arisen long ago via gene fusion before the divergence of the two gram-
negative divisions (Ahmad and Jensen, 1986). Much more recently, a bifunctional T-protein emerged in en-
teric bacteria. This carries two catalytic domains, one specifying chorismate mutase (AroQ;) (Subramaniam
et al.,, 1994) and the other prephenate dehydrogenase (-TyrA). In gram-negative bacteria, chorismate mu-
tase may also exist as a monofunctional protein (AroQy). AroQs in at least some genera is processed for
translocation to the periplasm (Xia et al., 1993a). Some enteric bacteria possess AroQ,-, AroQ,-, and AroQg
as coexisting isoenzyme species (Xia and Jensen, 1992). -

The functional role of the AroQ, domain of microbial P-proteins is different depending on whether
AroQ,TyrA is present or absent. In organisms such as Neisseria gonorrhoeae, which lack AroQ,* (Sub-
ramaniam et al., 1994), the AroQ,, domain must supply prephenate for both tyrosine and phenylalanine
biosynthesis, as it is the only cytoplasmic chorismate mutase present. On the other hand, in the presence
of a coexisting AroQ; TyrA (e.g., in enteric bacteria), the AroQ, domain presumably is dedicated exclu-
sively to phenylalanine biosynthesis. In this context, the P-protein encoded by aroQ,pheA will yield in-
teresting comparative information and an evermore informative evolutionary perspective as representative
genes are cloned in apropriately spaced phylogenetic progressions. In addition to our work, aroQ, pheA
has been cloned from enteric bacteria [Escherichia coli (Hudson and Davidson, 1984) and Erwinia her-
bicola (Xia et al., 1993b)], from the closely related Haemophilus influenzae (Fleischmann et al., 1995),
and from the more distant Pseudomonas stutzeri (Fischer et al., 1991) and N. gonorrhoeae (Gonococcal
Genome Sequencing Project) (www.genome.ou.edu/gono.html).

In this article, aroQ,,-pheA from Xanthomonas campestris was chosen for cloning because of its phylo-
genetic distance from other organisms from which aroQ),'pheA has been sequenced. In addition, X.
campestris represents an enzymologic patterning group of aromatic biosynthesis different from any of the
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others (Whitaker et al., 1985). It lacks aroQ-tyrA (unlike enteric bacteria and H. influenzae) but possesses
pheC (encodes cyclohexadienyl dehydratase) and aroQy (unlike P. stutzeri).

MATERIALS AND METHODS

Bacterial strains, plasmids, and media

Bacterial strains and plasmids used in this study are listed in Table 1. Xanthomonas cultures were grown
on tryptone, yeast extract, and MOPS medium at 28°C. Luria-Bertani (LB) medium was used as enriched

TABLE 1. BACTERIAL STRAINS AND PLASMIDS

Strain/plasmid

Relevant characteristics

Source or reference

Escherichia coli
DH5«a

JM83

KA197
BL21 (DE3)

Xanthomonas campestris
pv. translucens

Plasmid
pUC18

pUCI19

pUFR043
PGEM-5Zf(+)
pET-11a
pka06

pIG-XP1

pJG-XP2a

pIG-XP2b

pIG-XP3

pIG-XP4

pIG-XP5

pIG-XP6

F~, $80dlacZAM15, recAl, endAl, gyrA96, supEA4,
hsdR17 (rg~, mg ™), A (lacZY A-argF) U169, thi-1,
relAl, deoR

F~, araA (proAB-lac), rpsL, thi-1, $80dlacZAM15

thi-1, pheA97, relAl, spoT1

F,ompT, rg " mg~

Ap', lacl' POZ’
Ap', lacl’ POZ'

cos, Nm', Gm".
Ap', lacl' POZ'’
Ap', T7lac

Original clone of aroQ,*pheA from X. campestris
in pUFR043

2.7-kb EcoR I-EcoR 1 fragment from pkaQ6 subcloned
inpUC18

1.7-kb Pst I-EcoR I fragment from pJG-XP1 subcloned
inpU18

1.7-kb Pst I-EcoR 1 fragment from pJG-XP1 subcloned
inpUC19

1.0-kb Pst I-Pst 1 fragment from pJG-XP1 subcloned
inpUC18

1.5-kb Pst I-Sac II fragment from pJG-XP2a subcloned
in pGEM-5Zf(+)

1.2-kb PCR-generated aroQ,*pheA subcloned in
Hinc 1T site of pUC18

1.2-kb Ndel-BamH 1 fragment from pJG-XP5 subcloned
in pET-11a

Bethesda Research
Laboratories

Bethesda Research

Laboratories
CGSC 5243

Novagen

D. Gabriel

Yanisch-Perron
etal., 1985

Yanisch-Perron
etal., 1985

This study
Promega
Novagen

This study

This study

This study

This study

This study

This study

This study

This study
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medium for E. coli at 37°C (Silhavy et al., 1984). The minimal salts medium used for E. coli strains was
the M-9 formulation (Maniatis et al., 1989). Where indicated, ampicillin was added to media at 100 pg/ml,
gentamicin at 3 ug/ml, thiamine at 17 ug/ml, and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyra-
noside) at 40 ng/ml. Medium was solidified with 2% (w/v) agar.

DNA manipulation

Standard molecular biology procedures were performed as described by Maniatis et al. (1989) unless oth-
erwise indicated. A genomic library of X. campestris was constructed by partially digesting genomic DNA
with Sau3A 1 and cloning into the BamH 1 site of cosmid pUFR043. Restriction enzymes, ligase, and calf
intestine alkaline phosphatase were purchased from New England Biolabs of Promega and were used ac-
cording to manufacturer’s instructions.

DNA sequencing and data analysis

Plasmid pJG-XP2a was purified by the method recommended by Applied Biosystems, Inc. (Applied
Biosystems, Inc.). Double-stranded plasmid DNA was sequenced in both directions at the DNA Sequenc-
ing Core Facility of the Interdisciplinary Center of Biotechnology Research (ICBR) at the University of
Florida. In order to sequence DNA beyond the range of the annealing sites for the M13 universal and re-
verse primers, which flank the multiple cloning site of the pUC18 vector, 18-mer oligonucleotides were
synthesized to regions upstream of the unsequenced regions at the DNA Synthesis Core Laboratory of ICBR.
The nucleotide sequence and the deduced amino acid sequence were analyzed by using the updated ver-
sion of the sequence analysis software package offered by Genetics Computer Group, Inc. (1995).

Crude extract preparation.and enzyme assays

Crude extract was prepared as described previously (Gu et al., 1995). Chorismate mutase and prephen-
ate dehydratase activities of the cloned aroQ,-pheA gene product were assayed by a modification (Ahmad
and Jensen, 1988) of the method of Cotton and Gibson (1965). Protein concentration was determined by
the method of Bradford (1976).

DEAE-cellulose chromatography

<

Crude extract (1.76 g) that had been prepared in a standard buffer containing 50 mM potassium phos-
phate buffer (pH 7.0), 1 mM L-tyrosine, 1 mM B-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF), and 20% (v/v) glycerol was precipitated with (NH4),SO4 at 50% of saturation. Protein taken up
in buffer was dialyzed against 2000 ml of buffer overnight with one change of the same buffer. A 640-mg
amount of protein was applied to a 2.5 X 50 cm DE-52 column equilibrated in buffer. The column was
washed with 280 ml of buffer, and bound protein was then eluted with a 1000-ml linear salt gradient (0-0.3
M KCl) prepared in the same buffer. Fractions (5 ml) were collected and assayed for both chorismate mu-
tase and prephenate dehydratase activities.

Hydroxylapatite chromatography

A 30-mg amount of protein partially purified from DE-52 was loaded onto the bed of a 1.5 X 20 cm col-
umn of Bio-Gel HTP previously equilibrated with buffer. The column was washed with 60 ml of starting
buffer and then eluted by application of a gradient of between 200 mM and 600 mM of potassium phos-
phate containing the other supplements of standard buffer except PMSF. Fractions (2 ml) were collected,
and both activities were assayed.

Overexpression of aroQ, pheA

Two 29-mer oligonucleotides were synthesized at the DNA Synthesis Core Laboratory of ICBR (5'-AT-
GCGCTGCTCAGGGAATGGCGACCGGAT-3' and 5'-CCCATATGGCTCCCAAGCCCAAGAA-
CACC-3') that were appropriate for annealing to regions embracing the entire aroQ,,‘pheA open reading
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frame (ORF). The latter oligonucleotide contains an Ndel site (indicated with bold letters) overlapping the
start codon of aroQ),‘pheA. The 1200-bp aroQ,pheA fragment was amplified by PCR (Perkin Elmer Ce-
tus, Norwalk, CT) and ligated into the Hinc 11 site of pUC18 (pJG-XP5). The aroQ,pheA fragment was
then released by double digestion with Nde I and BamH 1 and ligated into pET-11a (pJG-XP6), a transla-
tion overexpression vector (Novagen, Inc.). Thus, aroQ,,-pheA was placed under control of a T; promoter
and a well-designed Shine- -Dalgarno sequence.

Plasmid pJG-XP6 was transformed into E. coli BL21 (DE3). A loopful of culture from the transformed
plate was inoculated into 10 ml of LB medium containing ampicillin and shaken at 37°C until the ODggp
reached 0.6-1.0. IPTG was added to a final concentration of 1 mM, and the incubation was continued for
3 h. The resulting culture could be checked directly for aroQ,,-pheA overexpression by SDS-PAGE.

Western blot analysis

The AroQp-PheA samples were subjected to SDS-PAGE. After electrophoresis, the gels were blotted
onto nitrocellulose membranes (Towbin et al., 1979). The blots were then treated with the antibody raised
against the P-protein from Acinetobacter calcoaceticus (Ahmad et al., 1988), followed by goat anti-(rabbit
IgG) alkaline phosphatase conjugate. Nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-
indolylphosphate p-toluidine salt (BCIP) were used as chromogenic substrates for alkaline phosphatase.

Amino acid sequencing of the cloned P-protein

The IPTG-induced culture was harvested by centrifugation and resuspended in 50 mM potassium phos-
phate buffer (pH 7.0). The cells were broken by sonication, and 500 ul of the sample was transferred into
a microcentrifuge tube and spun for 5 min at 200g. The pellet was resuspended in the same phosphate
buffer. A 10-ul portion was mixed with 10 ul of SDS-PAGE buffer, boiled for 4 min, and subjected to
SDS-PAGE. The protein was then transferred to a polyvinylidene difluoride membrane by a protein miniblot-
ting apparatus and sequenced by using an Applied Biosystems model 470A protein sequencer with an on-
line 120A phenylthiohydantoin analyzer at the Protein Core Facility at ICBR.

Molecular mass determination

The molecular mass of the native enzyme was estimated by gel filtration using an FPLC-connected Su-
perdex 75 HR 10/30 column (Pharmacia Biotech), which had been previously equilibrated with 50 mM
potassium phosphate buffer (pH 7.0) containing 1 mM tyrosine and 0.15 M NaCl. The same buffer was
used for elution. The column was calibrated with cytochrome C (12,400), carbonic anhydrase (29,000),
bovine serum albumin (BSA) (66,000), and alcohol dehydrogenase (150,000). V,, was determined by blue
dextran (2,000,000). SDS-PAGE was carried out to determine the subunit molecular mass of the enzyme.
Lysozyme (14,400), soybean trypsin inhibitor (21,500), carbonic anhydrase (31,000), ovalbumin (45,000),
BSA (66,000), and phosphorylase b (97,400) were used as molecular mass standards.

Electron microscopy

To study the morphology of inclusion bodies within intact cells, an IPTG-induced E. coli BL21 (DE3)/pJG-
XP6 culture was pelleted in a microfuge, resuspended in 2.5% glutaraldehyde/2.5% formaldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) and immediately subjected to microwave fixation for 30 sec to a max-
imum temperature of 32°C (Aldrich et al., 1996). The pellet was then fixed for 30 min at 4°C in 1% OsOy,
followed by soaking in 0.5% aqueous uranyl acetate overnight at 4°C and embedding in Spurr’s low-
viscosity resin. Thin sections were poststained for 5 min on lead citrate.

Pellets obtained following cell lysis by use of a French press were fixed for 30 min at ambient temper-
ature in cacodylate-buffered 2.5% glutaraldehyde/2.5% formaldehyde/0.1% tannic acid (Aldrich et al., 1996)
and postfixed for 30 min in OsO4 and in 1% aqueous uranyl acetate for 30 min at ambient temperature be-
fore embedding in Epon. Thin sections were poststained for 5 min on lead citrate.

Cells processed for immunogold labeling were fixed for 15 min at 4°C in 0.5% glutaraldehyde/4%
formaldehyde, dehydrated through cold ethanols, and embedded in Lowicryl HM-20 resin, which was poly-
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merized under an ultraviolet lamp at —10°C. Thin sections were picked up on Formvar-coated nickel grids,
blocked for 10 min on 1% nonfat dry milk, floated on primary rabbit polyclonal antiserum for 12 h at 4°C,
and then floated on secondary antibody (sheep antirabbit, Sigma) carrying a 12-nm gold label. All solu-
tions were buffered with either phosphate-buffered saline or high-salt TRIS at pH 7.2 (Aldrich et al., 1992).
These buffers were also used for washing. Lowicryl sections require very short poststain times. We used
durations of 30 sec on 1% aqueous uranyl acetate and 30 sec on lead citrate. All microscopy was performed
on a Zeiss EM-10 CA transmission electron microscope.

Biochemicals and chemicals

Ampicillin, gentamicin, thiamine, a-ketoglutarate, PMSF, amino acids, and goat anti-(rabbit IgG) alka-
line phosphatase were purchased from Sigma Chemical Company, NBT and BCIP were from Gibco-BRL,
nitrocellulose membranes were from Micron Separations Inc., DEAE-cellulose was from Whatman, and hy-
droxylapatite was from Bio-Rad. Molecular mass standards for gel filtration and for SDS-PAGE were from
Sigma and Bio-Rad, respectively. Growth medium components and agar were from Difco. Prephenate and
chorismate were prepared by this laboratory.

RESULTS

Cloning of aroQ-pheA in E. coli

A random cosmid library generated via a partial digestion by Sau3Al of X. campestris genomic DNA
was constructed in E. coli. Six clones were obtained that carried plasmid inserts able to complement the L-
phenylalanine auxotrophy of E. coli KA197 when cultured on minimal medium with gentamicin to select
for maintenance of plasmid. The selection strategy could have yielded either pheC or aroQ,pheA. Ex-
pression of pheC (encoding cyclohexadienyl dehydratase) would yield crude extracts showing prephenate
dehydratase and arogenate dehydratase activities, whereas expression of aroQ,-pheA would produce
prephenate dehydratase activity only. Clone pka06, on these criteria, appeared to possess an aroQ,-pheA
insert. This was readily confirmed when anion-exchange chromatography (DEAE-cellulose) produced a
fraction containing coeluting chorismate mutase and prephenate dehydratase activities.

The pka06 clone contained a fragment of about 40 kb inserted in the BamH I site of the cosmid
pUFR043. On digestion with EcoR I, fragments of 2.7 kb, 4.3 kb, >15 kb, and >23 kb were obtained.
When the 2.7-kb fragment was ligated into the EcoR I site of pUC18, it was successfully used for func-
tional complementation of E. coli KA197. Enzymatic assays confirmed the presence of aroQ,,-pheA in
the cloning strain KA197/pJG-XP1. Further subcloning experiments localized pheA within the Pst I-Sac
II fragment of pJG-XP4 (Fig. 1). A comparison of the results obtained with pJG-XP2a and pJG-XP2b,
which have opposite insert orientations, indicated that expression depends on the lac promoter of the vec-
tor. Thus, either a native promoter is absent in the insert or the native promoter is not recognized by E.
coli.

Sequence analysis of X. campestris aroQ, pheA

Figure 2 shows the nucleotide sequence of aroQ,pheA, as well as some of the proximal flanking re-
gions. The 1200-bp ORF begins at codon ATG and terminates at codon TGA. The G + C content of
aroQp pheA (62.1%) is just outside the 63%—72% range of X. campestris. The codon usage of aroQ, pheA
is similar to that of rRNA-homology group I pseudomonads (such as Pseudomonas aeruginosa). The de-
duced amino acid sequence results in a 400-residue protein having a molecular mass of 43,428 Da. The
highest pairwise amino acid identity (51%) is with the P. stutzeri homologue, a result consonant with the
phylogenetic proximity of X. campestris and P. stutzeri.

A partial ORF encoding 27 residues was found upstream of aroQ, -pheA. This gene is serC (encodes phos-
phoserine aminotransferase) in view of the high amino acid sequence identity (>50%) with the 3’-termini
from serC genes of both Salmonella gallinarum (Griffin and Griffin, 1991) and Yersinia enterocolitica (O’-
Gaora et al., 1989). A factor-independent terminator structure is positioned at the immediate 5'-side of the ri-
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FIG. 1. Physical map and subclone analysis of X. campestris aroQ,,'pheA. Thin horizontal line, X. campestris DNA;
thick horizontal line, vector DNA. The orientation of the lac promoter in the pka06 vector is shown for the pJG-XP2a
and pJG-XP2b subclones. In all other constructs shown (including pka06), the orientation of the lac promoter (Plac)
is the same as shown for pJG-XP2a. Positive (+) in vivo function refers to the ability of a given clone to complement
the L-phenylalanine auxotrophy of E. coli KA197. Specific activities of prephenate dehydratase are given as nmol min~1
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FIG. 2. Nucleotide sequence of X. campestris aroQ,pheA and its flanking regions. The probable ribosome binding
site (rbs) is underlined. The 27-amino acid carboxy end of SerC is shown at the top. Converging arrowheads mark a
terminator structure between serC and aroQ,-pheA. The first 10 amino acids of AroQ,-PheA (bold) were confirmed
by N-terminal amino acid sequencing. The span of domains corresponding to aroQ, and to -pheA, as marked, were es-
timated through multiple alignment analysis with monofunctional AroQs and monofunctional PheA gene products. Nu-

cleotide numbers assigned are shown at right.
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Overexpression vector (pJG-XP6):
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FIG. 3. Overexpression of aroQ,-pheA from X. campestris in E. coli (A) Schematic representation of overexpression
vector pJG-XP6. Uppercase letters represent the vector, lowercase letters represent the inserted X. campestris nucleotides,
and bold lowercase letters represent aroQ,-pheA. The Ndel restriction site connects the vector and the 5'-end of the
aroQ,-pheA insert, and the BamH 1 restriction site is provided by the vector. (B) SDS-PAGE analysis of aroQp-pheA
expression in the following extracts. Lane 1, BL21 (DE3)/pJG-XP6 (—IPTG); lane 2, BL21(DE3)/pJG-XP6 (+IPTG);
lane 3, BL21(DE3)/pET11a (+IPTG); lane 4, 200g supernatant from BL21(DE3)/pJG-XP6; lane 5, 200g pellet from
BL21(DE3)/pJG-XP6; lane 6, 200g pellet from BL21(DE3)/pJG-XP6 at 10-fold dilution; lane 7, molecular weight stan-
dards. Lanes 1 and 2 were loaded with about 20 ug of protein; lanes 3-5 were loaded with 10 ug of protein; lane 6
was loaded with 1 ug of protein.

bosome-binding site for aroQ,pheA. Thus, because of space constraints, the promoter used for aroQ,, pheA
must be within serC or further upstream.

Expression of X. campestris aroQ,-pheA in E. coli

AroQ,-PheA proved to be quite labile. Under various conditions where instability was encountered, both
chorismate mutase and prephenate dehydratase activities were affected about equally. Crude extracts con-
taining soluble AroQ,-PheA were prepared from KA197/pJG-XP2a. Preliminary purification led to com-
plete loss of activity after the first step of several different fractionation protocols attempted. Therefore,
conditions favoring stability were determined by testing additives that might protect AroQ,-PheA activities
in crude extract from thermal inactivation. Crude extract in 50 mM K-phosphate buffer at pH 7.0 was found
to be subject to rapid inactivation at temperatures over 45°C. On the basis of protection conferred at an as-
say temperature of 48°C, the components of the standard buffer (Materials and Methods) were adopted for
routine use.

AroQ,-PheA activities expressed in the E. coli clone were estimated to be 10 times greater than in the
native organism. Sequential fractionation steps using (NH4),SOy4 at 50% of saturation, DEAE-cellulose chro-
matography, and hydroxylapatite chromatography produced an additional overall purification of about 42-
fold. SDS-PAGE analysis showed multiple bands. Any subsequent fractionation step resulted in total loss
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of activity. Attempts to purify AroQp-PheA with protocols employing a different order of fractionation steps
were no more successful. It, therefore, appeared that extreme lability resulted once a purification of about
40-fold was achieved.

In one experiment, a partially purified preparation of AroQ,-PheA from KA197/pJG-XP2a [after steps
of (NH4);SO4 precipitation and DEAE-cellulose chromatography] was applied to a Sephadex G-150 col-
umn to estimate the native molecular mass (data not shown). The active enzyme species is a homodimer,
judging from the molecular mass determined (81,000 Da). In parallel gel filtration runs where either 1 mM
L-tyrosine or 1 mM L-phenylalanine was present, 81,000-Da homodimers were again eluted.

Overexpression of AroQp, PheA in E. coli

PCR was used to generate an aroQ,‘pheA insert for placement into the translation overexpression vec-
tor pET-11a. This construct (pJG-XP6) eliminated all native DNA sequence located upstream of the ATG
start codon (Fig. 3A). pJG-XP6 was transformed into E. coli BL21(DE3), and a culture was supplemented
with IPTG to induce the chromosomally encoded T; RNA polymerase. Chorismate mutase and prephenate
dehydratase activities in crude extracts prepared from these cultures increased over background only about
sevenfold. However, the pellet fraction obtained by the routine ultracentrifugation used to prepare crude ex-
tracts exhibited a prominent protein band at a M; position of 43,000 Da following SDS-PAGE. The par-
ticulate AroQp-PheA could be collected by low-speed centrifugation (200g). Growth and IPTG induction
at 25°C did not increase the proportion of soluble AroQ,-PheA recovered. When evaluated by SDS-PAGE,
AroQ,-PheA in the pellet fractions represented more than 90% of total protein (Fig. 3B). N-terminal amino
acid sequencing of the excised band confirmed the identity of the protein as AroQp-PheA. The enzyme ac-
tivity assayed in the particulate fractions was extremely high, more than 400-fold greater than that previ-
ously obtained with the KA197/pJG-XP2 construct. The enzyme activity assayed in the particulate frac-
tions cannot be attributed to a contaminating aqueous component, as passage through a Gelman Supor
Acrodisc-13 syringe filter removed all enzyme activity.

Lack of sensitivity to allosteric effectors

None of our AroQ,-PheA preparations exhibited significant sensitivity to inhibition by L-phenylalanine
or to activation by L-tyrosine. Figure 4 shows results of an experiment in which a substrate saturation curve

e———e - L-Phenylalanine

2.0 ¢ o———0 + 5 mM L-Phenylalanine
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FIG. 4. Substrate saturation curve of prephenate dehydratase activity from X. campestris AroQ,-PheA in the pres-
ence or absence of L-phenylalanine. Data shown were obtained from the particulate fraction recovered from
BL21(DE3)/pJG-XP6.
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FIG. 5. Visualization of inclusion bodies by electron microscopy in [PTG-induced E. coli BL21(DE3)/pJG-XP6. (A)
Transmission electron micrograph of E. coli containing P-protein inclusion bodies from X. campestris (arrows). This
section was cut intentionally thick (ca. 100 nm) and photographed at 100 kV accelerating voltage to illustrate the con-
voluted, swirled nature of the protein fibrils that comprise the inclusion bodies. (B) Immunogold labeling of dark-stain-
ing inclusion bodies within intact cells, demonstrating their identity as P-protein. Heavy gold label appears throughout
the dark bodies, and less intense label appears in lighter staining areas. Occasional cells that exhibit little or no label-
ing (arrow) contain little or no P-protein, probably because of plasmid loss. (C) Section of pellet produced by lysis of
cells by French press. As in intact cells shown in B, some material stains very heavily (arrows), whereas other regions
stain lighter (arrowheads). (D) Immunogold labeling of preparation similar to that shown in C. Gold label appears in
both lighter and darker staining areas of isolated inclusion body material in center of field. Wall fragment at left does
not label. Intact cells contain label over most of the cytoplasm.
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for prephenate dehydratase was constructed in the presence of 5 mM L-phenylalanine. No inhibition was
seen, even at low substrate concentration. Chorismate mutase activity was similarly insensitive (data not
shown). Soluble enzyme preparations from KA197/pJG-XP2a yielded similar results. Activation of
AroQg-PheA by L-tyrosine was not observed.

Immunologic cross-reactivity

Antibody raised against A. calcoaceticus AroQ,-PheA previously had been found (Ahmad et al., 1988)
to cross-react strongly with homologues from P. stutzeri and P. aeruginosa but only marginally with the
homologues from several enteric bacteria. We found that anti-A. calcoaceticus AroQp,-PheA antibody ex-
hibited considerable cross-reactivity with X. campestris AroQp-PheA. Western blot hybridization visualized
a distinctive band at an M, position of 43,000 Da.

Visualization of inclusion bodies

Although the insoluble character of AroQp-PheA suggested that it was probably sequestered in inclusion
bodies, we considered the possibility that the positively charged amino-terminus might be tightly associ-
ated with a negatively charged particulate entity, such as cell wall debris. However, the elaboration of in-
clusion bodies was readily confirmed by electron microscopy (Fig. 5). The inclusion bodies were atypical
in not being round and refractile. They often occupied a substantial fraction of the cell volume, were not
membrane bound, and exhibited a macromolecular structure manifesting spaghetti-like formations (Fig. 5A).
Immunogold cytolocalization using the A. calcoaceticus antibody confirmed the synonymy of AroQ,-PheA
and the inclusion bodies (Fig. 5B). Cell-free extracts contained macromolecular aggregations resembling
the intracellular inclusion bodies (Fig. 5C). Immunogold cytolocalization again confirmed their identity as
AroQ,-PheA (Fig. 5D).

DISCUSSION

Gene organization and regulation

In enteric bacteria (E. coli and E. herbicola), AroQp-PheA is regulated by attenuation, which depends on
an L-phenylalanine-rich leader peptide encoded by pheL (Hudson and Davidson, 1984; Xia et al., 1993). X.
campestris lacks such an upstream gene encoding a small leader peptide. However, the limited intercistronic
space indicates that the promoter for aroQ,-pheA must be ahead of or within the upstream gene, serC. Al-
ternative stem-loop structures exist between the two genes (Fig. 6), which may reflect a mechanism of reg-

A) Anti-terminator: AG= -22 kcal B) prindependent terminator: AG= -20 kcal
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FIG. 6. Alternative stem-loop structures between X. campestris serC and aroQ,pheA. The shaded base residues are
common to both the antiterminator structure shown in A, and to the factor-independent terminator structure shown in B.
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ulation by attenuation. The serC-pheA gene organization is also maintained in the relatively close phylo-
genetic neighbor, P. stutzeri. In the latter case, there is no intercistronic space, and serC and aroQ,'pheA
are translationally coupled (Fischer et al., 1991). Again, alternative stem-loop structures exist, one of which
sequesters the aroQ,,‘pheA ribosome binding site. Thus, yet another form of attenuation may be used.

In enteric bacteria, serC and aroFE are organized as a mixed-function operon and transcribed from a com-
mon promoter (Duncan and Coggins, 1986; Griffin and Griffin, 1991; O’Gaora et al., 1989). In H. influen-
zae, serC may be organized (Fleischmann et al., 1995) with the neighboring hisH, encoding a broad-speci-
ficity aminotransferase that can transaminate aromatic amino acids (Jensen and Gu, 1996). It is intriguing
that in P. stutzeri the gene immediately downstream of serC/aroQ,-pheA is hisH (T. Xie and R.A. Jensen,
unpublished observations). Thus, for unknown reasons, serC appears to be commonly organized within mixed-
function operons in which the second gene participates in aromatic amino acid biosynthesis.

AroQ,-PheA from X. campestris

When expressed in E. coli, AroQ,-PheA from X. campestris was obtained as an approximately 1:20 mix-
ture of soluble and particulate forms. SDS-PAGE of both forms indicated an identical subunit M,. The sol-
uble AroQ,-PheA (see below) migrated during gel filtration as a homodimer in the presence or absence of
either L-tyrosine or L-phenylalanine.

Protein aggregates that form inclusion bodies are generally considered to consist of nonnative molecules.
If cloned AroQp PheA consists of misfolded molecules, competent catalytic centers of both domains must
be exposed because high activity is obtained. On the other hand, allosteric sites within the carboxy portion
of -PheA (see below) may be masked, as L-tyrosine or L-phenylalanine failed to affect activity. However,
the physical state of insolubility per se does not uniquely correlate with insensitivity to allosteric and ag-
gregative effects of L-phenylalanine or L-tyrosine. In fact, the fraction of total activity that is soluble also
exhibited a complete lack of allosteric responsiveness.

The 40-amino acid extension at the amino-terminus of X. campestris AroQ,-PheA is so far unique among
the fairly substantial family of homologues currently available. Its high lysine content confers a potent pos-
itive charge at the amino-terminus. Water molecules retained by this hydrophilic region might provide an
aqueous layer that could account for the enzyme activity of the insoluble aggregate of X. campestris
AroQp-PheA. The positively charged terminus could also act as a funnel to attract chorismate molecules
(with their two negatively charged carboxyl moieties) to the specific microenvironment of the AroQy, cat-
alytic site. Alternatively, the lysine-rich region may allow the N-terminal domain to remain largely sol-
vated, thereby preventing collapse into inactive, nonnative aggregates dominated by hydrophobic interac-
tions.

The gene fusion responsible for contemporary AroQ,-PheA proteins was an ancient event. A consider-
able diversity of physical and catalytic properties of AroQ,-PheA proteins throughout the 8 and vy divisions
of gram-negative bacteria has emerged. These include quaternary structure of the native protein and influ-
ence of effectors on it. For example, in E. coli and E. herbicola,.L-phenylalanine (but not L-tyrosine) pro-
motes tetramerization of the native homodimer (Hudson and Davidson, 1984). In A. calcoaceticus, both L-
tyrosine and L-phenylalanine promote tetramerization of a native homodimer (Ahmad et al., 1988; Berry et
al., 1985). In Alcaligenes eutrophus, a native homotetramer was found to persist in the presence or absence
of any effector molecules (Friedrich et al., 1976). The future cloning of A. calcoaceticus and A. eutrophus
aroQ),'pheA genes should be most informative, in part because of their appropriate phylogenetic distance
and in part because they have been thoroughly characterized at the enzymologic level.

A second aspect of diversity is that various microbial AroQ,-PheA proteins differ in their ability to in-
teract with L-tyrosine. At one extreme, for example, in enteric bacteria (Hudson and Davidson, 1984), there
is no detectable effect of L-tyrosine as an allosteric agent or protectant. At the other extreme, AroQp-PheA
activity is totally dependent on the presence of L-tyrosine, for example, in Alcaligenes faecalis and Nitro-
somonas europaea (Subramaniam et al., 1994). Throughout the 8 and 7y subdivisions of the Proteobacte-
ria, other AroQ, -PheA proteins exhibit a wide range of sensitivity to L-tyrosine as an activator. In such or-
ganisms as N. gonorrhoeae and Pseudomonas saccharophila, dramatic activation on the order of 20-fold
is observed (Subramaniam et al., 1994). In contrast, such organisms as Rhodocyclus tenuis (Subramaniam
et al., 1994) show. only modest activation effects of 10% or less.
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Allosteric control of X. campestris AroQ, PheA is expected because the residues within the allostery-
specific portion of the -PheA domain that are highly conserved in other AroQ,-PheA proteins have been
retained. It thus seems possible that the unique presence of the lysine-rich amino-terminus may reflect a
posttranslational processing mechanism in the native organism. Experiments beyond the scope of this work
could establish the extent to which excision of the amino-terminus of X. campestris AroQp-PheA might af-
fect sensitivity to inhibition by L-phenylalanine, sensitivity to allosteric activation by L-tyrosine, and effects
of L-phenylalanine or L-tyrosine or both on quaternary structure.

The aroQ gene family

Chorismate mutase catalyzes a facile reaction that appears to have evolved independently at least two
times. X-ray crystallographic analysis has revealed structurally different catalytic centers for E. coli AroQp
(Lee et al., 1995), and B. subtilis AroH (Chook et al., 1993). Yeast AroR possesses a catalytic center that
is structurally similar to that of E. coli AroQ,, but the primary sequences do not exhibit homology, although
four dispersed regions of suggestive identity exist (Xue and Lipscomb, 1995). From a vantage point of ter-
tiary structure, the eukaryotic chorismate mutases belong to the AroQ class. In both cases, 4-helix bundles
form the catalytic domain and active-site residues are similar. It is possible that common ancestry has been
obscured by divergence, as suggested by Xue and Lipscomb (1995). B. subtilis AroH has one known ho-
mologue (in Synechocystis sp.). The AroR family consists of two known homologues, one from Saccha-
romyces and one from Arabidopsis thaliana. The current AroQ gene family has fourteen members, as shown
by the multiple alignment in Figure 7.

For 11 members of the family, a catalytic domain for chorismate mutase coexists on the same protein
with another catalytic domain. The second catalytic domain of these bifunctional proteins is either prephen-
ate dehydratase (six sequences), prephenate dehydrogenase (four sequences), or 3-deoxy-p-arabino-heptu-
losonate 7-P synthase (one sequence). A monofunctional AroQy from Methanococcus jannaschii (Bult et
al., 1996), an archaeon representative, is remarkably conserved with respect to important catalytic residues.
The amino acid sequence at the deduced N-terminus does not exhibit features expected for a cleavable sig-
nal peptide. Thus, unlike E. herbicola AroQg and Mycobacterium tuberculosis AroQy, M. jannaschii AroQy
must be located in the cytoplasm. The monofunctional AroQs from E. herbicola (and from M. tuberculo-
sis) exhibits the least overall identity with the other family members (including two paralog sequences from
E. herbicola). This apparently reflects a divergence related to the periplasmic location (Xia et al., 1993a)
of this species. Signal peptide cleavage (Fig. 7) produces a-mature protein that, as judged by the absence
of key amino acid residues, appears to lack part of the otherwise conserved N-terminal a-helix that con-
tributes to the four-helix bundle domain forming the active site. Inspection of the three-dimensional struc-
ture of the homologous E. coli AroQ, shows that the catalytic site is composed of the N-terminal half of
the N-terminal helix of one subunit and three a-helices from the adjacent subunit (Lee et al., 1995). Hence,
a different topology of the catalytic chorismate mutase domain must distinguish E. herbicola and M. tu-
berculosis species of AroQ; from other family members. Nevertheless, except for the conserved active-site
residues in the N-terminal helix (most notably the strictly conserved arginine 11’, see below), all important
catalytic amino acids are present in E. herbicola AroQ, and there is clear primary sequence similarity be-
yond the missing region (Fig. 7). The same is true for M. tuberculosis AroQy, except for the absence of glu-
tamate at position 52.

Figure 7 includes a schematic diagram illustrating the hydrogen bonding and electrostatic interactions of
a transition state analogue (endo-oxabicyclic diacid inhibitor) with side chains of eight catalytic-site residues
of E. coli AroQ, (Lee et al., 1995). Of these, Arg51, Arg28, Glu52, and Lys39 are conserved throughout
the family. Glu52 and Lys39 provide a negative and positive charge, respectively, within a dipolar active
site, and it has been proposed that an electrostatic gradient in the active site is a critical element of cataly-
sis (Kast et al., 1996, and references therein). Perhaps for M. tuberculosis AroQg, Glu53 is equivalent to
Glu52 in the rest of the family.

As discussed, only AroQ; from E. herbicola and M. tuberculosis lacks Argl1’, whose guanidinium group
forms a prominent salt bridge with the carboxylate moiety of the enolpyruvyl side chain. This interaction
may be essential to fix the flexible chorismate molecule in a conformation primed for the rearrangement.
Ser84 and Asp48 are not highly conserved. In those cases where position 88 is not occupied by Gln, it is
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FIG. 7. Multiple alignment of the AroQ protein family. The most divergent members of the family, Ehe AroQ; and
Vch AroQy, are spaced at the bottom from other family members. Lower-case letters denote the signal sequences that
are cleaved from the latter two proteins. Residues located at the active site of Eco AroQ,, as demonstrated by x-ray
crystallography (bottom schematic), are indicated by residue numbers at the top. With respect to other indicated residues,
residue 11" is located on the other subunit in the active homodimer. Residues conserved throughout at least the upper
major cluster are boxed. Other highly conserved residues are in boldface. Residues marked with an H at the top par-
ticipate in important hydrophobic interactions in Eco AroQ,. Residue numbers are shown at right. An asterisk marks
the position of residue 85 in the Vch AroQt sequence which almost certainly is a sequencing error. The present TAA
stop codon is unlikely because of its location within the coding region of other homologs; residues immediately be-
fore and after the codon are highly conserved. It is likely that this residue is E (GAA) or Q (CAA). Pst, P. stutzeri,
Ngo, N. gonorrhoeae; Xca, X. campestris; Bsu, Bacillus subtilis; Eco, E. coli; Ehe, E. herbicola; Vch, Vibrio cholerae;
Hin, H. influenzae; Mja, Methanococcus jannaschii; Mtb, Mycobacterium tuberculosis. Reference citations in order
from top to bottom documenting the sequences shown are Fischer et al., 1991; Contig 416; this report; Bolotin et al.,
1995; Hudson and Davidson, 1984; Xia et al., 1993; TIGR GVCDG49F; Fleischmann et al., 1995; Hudson and David-
son, 1984; Xia et al., 1993b; Fleischmann et al., 1995; Bult et al., 1996; Xia et al., 1993; Accession No. Z97193. (Bot-
tom schematic with permission from Kast et al., 1996.)
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PheA FSVL..TRDD ..VGEIRT.. VASHPHA LA|Q|VRKWLED NLPGARV VAAGSTAAAA QA..GEFDAA VTAPVAVEHY PLKVLATE.V ADVRDAR|TRF
«PheA HCLL..VSGT TDLSTINT.. -VYSHPQP FQ{Q|CSKFLNR YPHWKI EYTESTSAAM AQAKSPHVAA LGSEAGGTLY GLQVLERI.E ANQRONF|TRF
»PheA HCVL..VNGP TDLQQIET.. .VYSHPQP FQ{Q|CSQFINR ....FPHWKI EYTESTAAAM AALNSPKVAA LGSEAGGELY OQLQVLERN.L ANQQONH|TRF
«PheA HCVL..VNDK TDLNQIDT.. ... LYSHPQV IQ|Q|CSQFIHS ....LDRVHI EYCESSSHAM ASLNKPNIAA LGNEDGGKLY GLSVLKTN.I ANQENNI |TRF
*PheA HHLL..VGET TKTDRITR.. ... IYSHAQS LA|Q|CRKWLDA ...HYPNVER VAVSSNADAA KSEWNS..AA IAGDMAAQLY GLSKLAEK.I EDRPDNS|TRF
*PheA QYLL...SRN GRLEDIER.. ... IYARHSQS FA|Q|TAGWLRS ...HLPKVEK IAVSSNAEGA RNAEDA..AA IGGESAAHVY GLKKVIMKSI EDDDDNT |TRF
*PheA HNLL..RKNN GSTEGIAK.. ... VESEAQA LA|Q|CNDWLGR ...RLPNAER IAVSSNAEAA AESDDGTVAA TAGRTAAEIY GLDMVAE.CI EDEPNNT|TRF
PheA QHLLVHPSRE NAWKELDK.. ... IYSHSHA TA|Q|CHKFLHR ...HFPSVPY EYANSTGAAA SDHPELNIGY IANDMAASTY ELKIVKRD.I QDYRDNH|TRF
PheA ONLLA.VSKE ...QKIEH.. ... IYSHPQA LA{Q|TRVYLRK ...FYPQAQV EITESTSAAA KNNPDLPAAA VANSFAAKMY DLEFIAEN.I OQODLAGNS|TRF
PheA HVLL...SRG KLLADLTK.. ... VVSHPQA LG|Q|CQOKWLGA ...HLPQVSL VPANSTTEAI GDDP..TAAA IASPRAATLE DLSVLQTD.I QDYPDNC|TRF
PheA HNLIGYDK.. ... NKIKT.. ... VISHPQA LA|Q|CRNYIKK ...H..GWDV KAVESTAKAV AESKDETLGA IGSKESAEHY NLKILDEN.I EDYKNNK|TRF
PheA HCLISPIQLP NGIASLGNFE EVIIHSHPQV WG|Q|VECYLRS MAEKFPQVTF TIRLDCSSTSE SVNQCIRSST ADCDNILHLA IASETAAQLH K.AYIIEHSI NDKLGNT|TRF
L L
309 338
— Allosteric domain A A
PheA VAVQAQAAV.|SEP....|TGH DRTS|VIFSLP ..NVP|G|SLVR ALNEFGIRGV DLTRIES|{RP|. ...TRKVFGT YR{F|HLDISG. HIRDIPVAEA LRALHLQAEE LVFV|G
PheA VLVGRPGPP.|PAR....|TGA DRTS|AVLRID ..NQP|GJALVA ALAEFGIRGI DLTRIES|RP|. ...TRTELGT YL|F|FVDCVG. HIDDEAVAEA LKAVHRRCAD VRYL|G
PheA LLMRRPPVVL|PEP....|TGA DRTS|IVAAAA ..NRT|G|TLAE LLTELATRGI NLTRLDA|RP|. ...HKQONEGE YR{F|FIDFEG. HVAEPRIADA LAALRRRCRD VRFL|G
*PheA VVLARKAIN.|...... V SDQ VPAK TTLLMA TGQOA|G|ALVE ALLVLRNHNL IMTRLES|RP|. ...IHGNPWE EM|F|YLDIQA. NLESAEMQKA LKELGEITRS MKVL|G
*PheA IVLARKAIE.{...... V SDQ VPAK TTLIMA TGQQA|G|ALVD ALLVLRQOHNL IMSKLES|RP|. ...INGNPWE EM|F|YIDVQG. NLQSERMQQA LQELQTMTRS LKVL|G
*PheA IVVAKEPRE.{...... V SSQ I1PTK TLLLMT TSQQA|G|ALVD ALLVFKKHQI NMTKLES|RP|. ...IYGKPWE EM|F|YLEIEA. NIHHPDTKQA LEELKNYSNY LKIL|G
«PheA LIIGSQEVPP{....... TGD DKTS[IIVSMR ..NKP|G|ALHE LLMPFHSNGI DLTRIET|RP|. ...SRSGKWT YV|F|FIDCMG. HYQDPLIKDV LEKIDHEAVA LKVL|G
+PheA LVIGRQIFPS|....... SGH DRTS|VLVFIH ..DKP|G|ALFD VLSPFARHGI SMNRIES|RP|. ...SHQAKWE YG|F|FIDLAG. HVEDESMKQA LAELEAHSAQ IKVL|G
+PheA LVMGHHETGA{....... SGS DKTS|LAVSAP ..NRA|G|AVAS LLQPLTESGI SMTKFES|RP|. ...SKSVLWE YL|F|FIDIEG. HRRDAQIQTA LERLGERASE VKAI|G
PheA VILSPDENIS|FEVNSKL SSR PKTT LMVMLP QDDQS|G|ALHR VLSAFSWRNL NLSKIES|RP|. ...TKTGLGH YF|F|IIDIE.K AFDDVLIPGA MQELEALGCK VRLL|G
PheA WLLG.KEKQS{FDLN... QTK DKVT LALTLP .DNLP|G|ALHK AISVFAWRDI DMTKIES|RP|. ...LRTRLGQ YF|¥F|IIDLENN ATNSLKIPYA LEELAGLGVN VRLL|G
PheA WAISSEGYL.|....... .AG SHTT LAFSVP R.NVP|G|ALVA PLOLLAQRNI NLSRIES|RP{. ...TKRSLGE YV|F|FMDLEAS QTEP.RLQEA LEKLKQYTEV LKIF|G
PheA ILIGKKVKEK|{YHPKNY. ... .KVS IVFEL. KEDKP|G|ALYH ILKEFAERNI NLTRIES|RP|. ...SKKRLGT YI|F|YIDFEN. ..NKEKLEEI LKSLERHTTF INLL|G
PheA LVLKRRENAG].DNEVED TGL LRVN LLTETT RQDDP& SLVD VLNILKIHSL NMCSINSE F HLDEHDRNWR YL i FIEYYTE KNTPKNKEKF YEDISDKSKQ WCLW&

FIG. 8. Multiple alignment of monofunctional prephenate dehydratases (PheA) and P-protein prephenate dehydratase
domains (-PheA). Invariant residues are boxed, and highly conserved residues are shown in boldface. The junction sep-
arating the catalytic and allosteric regions is indicated. Residues 309 and 338, shown by mutation analysis in E. coli
to be important for feedback inhibition (Nelms et al., 1992), are marked. The motif (S/TGxDR/KTS) suggested for al-
losteric activation by tyrosine is boxed. Reference citations in order from top to bottom documenting the sequences
shown are Follettie and Sinskey, 1986; Accession No. Z83864; Vrijbloed et al., 1995; Hudson and Davidson, 1984;
Xia et al., 1993; Fleischmann et al., 1995; Fischer et al., 1991; this report; Contig 396; Trach and Hoch, 1989; Griffin
and Gasson, 1995; Accession No. D90900; Bult et al., 1996; Accession No. P32452.

Glu88. Interestingly, when Eco-AroQ, GIn88 was replaced by Glu88, 1% of normal catalytic activity was
retained at pH 7.8. However, at pH 4.5, the Q88E mutant exhibited 140% of wild-type activity (Zhang et
al., 1996). The pH-dependent activity of the same mutant was reported by Liu et al. (1996). Low pH pre-
sumably allows the undissociated carboxylic acid of Glu88 to function as a hydrogen bond donor in con-
cert with Lys39 (Zhang et al., 1996). Consistent with this is that yeast chorismate mutase, which has a glu-
tamate residue in the equivalent position (Striiter et al., 1996), exhibits a pH optimum of 5.5 with little
activity at pH 7.8.

The pheA gene family

Prephenate dehydratase is represented in nature either as a monofunctional protein (PheA) or as one
catalytic domain of bifunctional proteins (AroQp PheA). A multiple alignment is shown in Figure 8 of 14
sequences, 8 of them monofunctional proteins (PheA) and 6 of them PheA domains (-PheA). All -PheA
domains are from the <y division of gram-negative bacteria, except for Ngo-PheA (8 division). AroQ,-PheA
proteins from some members of the 8 division have been well studied (Friedrich et al., 1976; Subrama-
niam et al., 1994). Sequences for the monofunctional PheA (and AroQ) proteins present in the « division
are not yet represented. All dehydratase proteins are feedback inhibited by L-phenylalanine. The carboxy
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portions of prephenate dehydratase proteins comprise a discrete location for feedback inhibition, based on
deletion and mutant analysis of aroQ, pheA from E. herbicola (Xia et al., 1992) and E. coli (Nelms et al.,
1992). Figure 8 shows an approximate demarcation between the N-terminal catalytic domain and the C-
terminal allosteric domain based on the location of known mutations or deletions that affect catalysis or
allostery independently of one another. The conservation of various residues throughout the homology
family indicates that all share the N-catalytic/C-allostery organization. It has been suggested (Vrijbloed et
al., 1995) that the motif PTGxD might correspond to allosteric activation by tyrosine found in Cgl PheA
(Follettie and Sinskey, 1986), Ame PheA (Vrijbloed et al., 1995), and P. stutzeri PheA (Byng et al., 1983).
Based on the additional data from Xca-PheA and Ngo-PheA, we suggest the motif S/TGxDR/KTS. This
predicts that the Mtb PheA is subject to activation by tyrosine. However, the cyanobacterial protein (Ssp
PheA) exhibits no similarity to this motif, even though it is strongly activated by tyrosine (Ahmad and
Jensen, 1986).

Bacillus subtilis PheA is known to exhibit additional allosteric effects, which include inhibition by L-
tryptophan and activation by L-methionine and L-leucine. Activator and inhibitor molecules induce transi-
tions of molecular mass to dimers and octamers, respectively (Pierson and Jensen, 1974). The molecular
basis of this complexity in relationship to homologues having entirely different effector-mediated patterns
would be of interest.
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