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Abstract

Corynebacterium glutamicum 3-deoxy-p-arabino-heptulosonate-7-phosphate (DAHP) synthase is sensitive to feedback inhibition by
tyrosine. One feedback-insensitive mutant was obtained by in vitro chemical mutagenesis and the mutation was identified as a C—>G
mutation at nucleotide 560 causing a Ser'®’ to Cys'8’ substitution. Replacing Ser'8” with cysteine, tyrosine or phenylalanine by site-directed
mutagenesis not only reduced the enzymatic activity but also relieved its feedback inhibition by tyrosine, while Ser'®’Ala exhibited a
comparable activity to that of wild-type enzyme and sensitized to allosteric regulation. The His¢-tagged enzymes were expressed in
Escherichia coli and purified to homogeneity by immobilized nickel-ion affinity chromatography. Kinetic analysis showed that tyrosine is a

competitive inhibitor of phosphoenol pyruvate, one of the precursors for DAHP biosynthesis.

© 2001 Federation of European Micro-

biological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The aromatic amino acids tryptophan, phenylalanine,
and tyrosine are synthesized by a sequence of reactions
starting with the formation of 3-deoxy-p-arabino-heptu-
losonate-7-phosphate (DAHP) through the condensation
of phosphoenol pyruvate (PEP) and erythrose-4-phos-
phate (E4P). This reaction is achieved by the action of
DAHP synthase (EC 4.1.2.15) [1]. This enzyme serves as
the primary site for feedback regulation of carbon flow
into chorismate synthesis. In Escherichia coli, three isoen-
zymes of DAHP synthase are sensitive to phenylalanine,
tyrosine, and tryptophan, respectively [2]. However, the
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Abbreviations: DAHP, 3-deoxy-p-arabino-heptulosonate-7-phosphate;
E4P, erythrose-4-phosphate; PEP, phosphoenol pyruvate; 3AT, 3-amine-
tyrosine

DAHP synthase from Corynebacterium glutamicum and
its closely related strain are synergistically inhibited by
phenylalanine and tyrosine [3].

The high degree of similarity in the primary sequences
of microbial DAHP synthases, such as the three E. coli
isoenzymes [4-6], the two Saccharomyces cerevisiae isoen-
zymes [7,8], Candida albicans [9], Salmonella typhimurium
[10] and C. glutamicum [11], is a convincing evidence that
the enzymes have a common evolutionary origin and com-
mon structural properties. Although a mutational study of
tryptophan-sensitive isoenzyme of E. coli suggests that the
active and feedback sites are immediately adjacent in the
primary structure [6], relationships between molecular
structure and function in microbial DAHP synthases are
not yet well understood. We had cloned DAHP synthase
gene dahps from C. glutamicum [11]. In this study, we
found that C. glutamicum DAHP synthase is sensitive to
tyrosine. An amino acid residue, Ser!®’, suggested to be
involved in the feedback inhibition was identified. In ad-
dition, four site-directed mutants (Ser'3’Ala, Ser!®’Cys,
Ser!'®Tyr, and Ser'¥"Phe) of C. glutamicum DAHP syn-
thase were constructed, purified, and characterized. Our
results reveal that this serine residue plays a critical role
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Table 1

Bacterial strains and plasmids used in this study

Strain or plasmid Relevant properties References
E. coli strains

DHj5o supE44A lacU169(¢80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl [14]

MI5 nal™ str rifs lac™ ara~ gal~ mtl™ F~ recA™ uvr™ lon™ Qiagen Inc.
C. glutamicum 1LS1183 Transformable mutant [13]
Plasmids

pSUDS-18 Km" Cm" dahps [11]
pUC-DS Ap" lacZ dahps This study

for the feedback regulation of C. glutamicum DAHP syn-
thase.

2. Materials and methods
2.1. Bacterial strains, plasmids and media

The bacterial strains and plasmids used in this study are
listed in Table 1. E. coli strains were grown at 37°C in
Luria—Bertani (LB) medium [14]. Growth was monitored
spectrophotometrically at a wavelength of 600 nm. As
required, ampicillin and kanamycin were used at concen-
trations of 100 and 40 ug ml™!, respectively.

2.2. DNA techniques

Plasmid DNA was isolated from E. coli by alkali lysis
method [14] and further purified by using plasmid prepa-
ration kits from Viogene-Biotek Corporation (Taipei, Tai-
wan). Restriction enzyme digestion, agarose gel electro-
phoresis, isolation of DNA fragments from agarose gels,
transformations and in vitro chemical mutagenesis were
carried out by standard methods [14]. PCR amplifications
were performed with a Thermal Cycler 9600 (Perkin-
Elmer, Norwalk, CT, USA). Conditions used were an ini-
tial denaturation for 2 min at 94°C, followed by 30 am-
plification cycles (denaturation at 94°C for 1 min, anneal-
ing at 60°C for 2 min, and extension at 72°C for 1 min)
and a final extension for 10 min at 72°C.

Table 2

Oligonucleotide primers used in PCR and site-directed mutagenesis

Primer for Sequence

PCR

DS-1 5'-GGATCCCTTCGATATTGAGG-3’
BamHI1

DS-2 5'-TGCGAGCTCTGTGTTGTTAA-3’
Sacl

Site-directed mutagenesis

Ser!87Ala 5'-GGGATGGCTATGCCAATTGG-3'
Ser!¥Cys 5'-GGGATGIGTATGCCAATTGG-3'
Ser'"Tyr 5'-GGGATGTATATGCCAATTGG-3'
Ser!$"Phe 5'-ATGTTTATGCCAATTGGTTT-3’

2.3. Plasmid constructions and site-directed mutagenesis

Plasmid pSUDS-18 was used as a template for PCR
amplification of the dahps gene with primers DS-1 and
DS-2 (Table 2). After cleavage of the PCR product with
BamHI and Sacl, the resulting fragment was ligated to the
corresponding sites of pUCI18 to make pUC-DS. For site-
directed mutagenesis of dahps gene, a 1.85-kb BamHI-
Sacl DNA fragment was excised from pUC-DS and sub-
cloned into replicative form of bacteriophage M13mpl8.
Mutagenesis was carried out according to Kunkel’s meth-
od [12] with the Bio-Rad Muta-Gene Version 2 Mutagen-
esis kit (Bio-Rad Laboratories, Richmond, CA, USA).
Oligonucleotides listed in Table 2 were synthesized to alter
Ser!®” to Ala, Cys, Tyr, and Phe. Potential mutants were
sequenced by single-stranded DNA sequencing using Se-
quenase Version 2.0 (United States Biochemical Co., OH,
USA) to ensure the successful mutations. The BamHI-PstI
DNA fragment of the desired clones was then subcloned
into pQE-30 for enzyme characterization.

2.4. Expression and purification of wild-type and mutant
DAHP synthases

E. coli M15 (pREP4) cells carrying plasmids described
in this work were grown at 37°C in LB containing ampi-
cillin and kanamycin. When the ODgyy of the culture
reached 0.8, IPTG was added at a final concentration of
1 mM, and growth was continued for 3 h. Cells were
harvested and washed with 3 ml of cold 20 mM Tris—
HCI (pH 7.9) buffer containing 5 mM imidazole and 0.5
M NacCl. Bacterial cells were disrupted by sonication (30-s
bursts for 3 min) in the cold, and the resulting suspension
was centrifuged at 4°C for 30 min at 15000 X g. The super-
natant was then subjected to sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis and
protein purification.

One-step purification procedure for Hisg-tagged en-
zymes was carried out under native conditions according
to the protocol of the manufacturer (Qiagen Inc., Valen-
cia, CA, USA).

2.5. Enzyme assays and steady-state kinetics

The catalytic activity was determined by monitoring
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colorimetrically the formation of DAHP from the sub-
strates according to the procedure described by Shiio et
al. [15]. Unless otherwise specified, the standard assay mix-
ture consisted of 50 mM Tris—HCI buffer (pH 7.9), 0.5 mM
E4P, 0.5 mM PEP, and 10 mM CoCl,. All the assays were
initiated with the addition of the enzyme and were per-
formed in triplicate. One unit of activity was defined as the
amount of enzyme required to produce 1 umol of DAHP
per min at 30°C, taking the molar extinction coefficient of
the DAHP as 4.5 10* at 549 nm.

A steady-state kinetics study of wild-type and mutant
enzymes was performed with PEP and E4P by systematic
variation of the concentrations of both substrates. The K,
and Vpax values were determined by fitting the initial rates
as a function of substrate concentrations to the Michaelis—
Menten equation using Grafit software (Sigma Chemical
Co., MO, USA).

3. Results and discussion

3.1. Mutational analysis and expression of C. glutamicum
DAHP synthases

In vitro mutagenesis of the dahps gene was used to
probe the key amino acid residue important for regulatory
function. The 1.85-kb BamHI-Sacl fragment containing
dahps gene was prepared from plasmid pUC-DS and
then mutagenized with nitrous acid. The mutated products
were cloned into BamHI-Sacl restricted pSUMNI18, an
E. coli coryneform bacteria shuttle vector [11]. The re-
combinant plasmids were transformed into C. glutamicum
LS1183 [13]. Transformants were selected by their ability
to grow on the CM plates [16] containing chloramphenicol
(50 ug ml™!). Cm" transformants were then replicated on
MM plates [16] containing 3-aminotyrosine (3AT, 3 mM)
and/or m-fluorophenylalanine (7 mM). One 3AT" Cm’
transformant was obtained from about 10000 Cm" trans-
formants from which a recombinant plasmid, designated
pSUDSM, was isolated. The wild-type and mutant plas-
mids were transformed into E. coli DH5a to compare
their DAHP synthase activities. The crude enzyme prepa-
rations were assayed for DAHP synthase activities in the
presence of 300 uM Tyr. E. coli DH5a (pSUDS-18) ex-

kDa 1 2 3 4 3
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Fig. 1. SDS-PAGE analysis of the wild-type and mutant DAHP syn-
thases. Lanes: 1, protein size markers; 2, purified wild-type DAHP syn-

thase; 3, purified Ser'8’Ala; 4, purified Ser'$”Cys; 5, purified Ser'$"Tyr.

hibited a significant inhibition with an inhibition efficiency
of about 87%, whereas less than 5% inhibition was found
in bacterial cells containing pSUDSM. To elucidate the
genotypic change in mutant dahps gene, plasmid pPSUDSM
was used as a template for DNA sequencing. When com-
pared with the C. glutamicum dahps gene [11], a C—>G
mutation was observed at nucleotide 560, resulting in
Ser!®” to Cys substitution.

To confirm the role of Ser'®” in C. glutamicum DAHP
synthase, we generated four mutations at this position by
site-directed mutagenesis. The wild-type and mutant dahps
genes were cloned into pQE-30 and expressed in E. coli
M15 (pREP4). As shown in Fig. 1, the wild-type and mu-
tant enzymes exhibited a protein band with a molecular
mass of approximately 45 kDa.

3.2. Characterization of wild-type and mutant enzymes

The specific activity was reduced by the mutation intro-
duced at position 187 of DAHP synthase. Losses of 6, 40,
89, and 92% were observed for Ser!®” Ala/Cys/Phe/Tyr, re-
spectively. The decrease in enzymatic activity could be due
to steric hindrance caused by the branch chain from sub-
stituted amino acid residue since the activity has a reverse
proportion to the size of side chain.

Table 3
Effect of phenylalanine and tyrosine on the specific activity of C. glutamicum DAHP synthase
Enzyme Specific activity (U mg~! of protein)®

None Tyr® PheP Phe+Tyr®
Wild-type 159.6+£13.9 10.7+0.9 147.0£10.9 11.0£1.0
Ser'87Ala 150.7£10.3 12.5+1.1 150.7+13.4 13.3£0.9
Ser!'¥7Cys 95.9+8.7 140.5+12.9 112.9£10.1 131.2+11.9
Ser'8 Tyr 169+1.3 40.7+2.1 21.6%+3.9 36.8%£3.3
Ser!'87Phe 183+1.9 37.9+1.8 20.4%2.1 33.7%£2.7

2The data represent the average values of three measurements.

bTyrosine and phenylalanine concentrations in the reaction mixture were 300 uM and 700 uM, respectively.
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Table 4
A comparison of the kinetic data of the wild-type and the mutant forms of DAHP synthase®
Enzyme Tyrosine (WM) Vinax (umol™! min~! mg™") Km (UM)
PEP E4P
Wild-type 0 5.85+0.41 3.24+£0.29 17.87%1.05
50 4.90+0.23 15.82+1.37 16.03£1.23
100 4.31%0.15 37.05£2.89 17.42+1.75
200 3.97+0.19 69.94£5091 16.53£0.98
300 3.51%0.17 83.24£7.01 17.15+1.91
Ser!7Ala 0 5.36+0.48 0.91£0.05 6.30+0.53
50 5.33+0.39 3.01£0.32 6.20+0.39
100 5.75+0.27 10.24£1.05 6.12+0.51
200 4.94+0.24 30.95+2.58 6.37+0.60
300 4.24%0.39 41.01£3.97 6.441+0.63
Ser!'¥7Cys 0 2.27+0.19 1.76 £0.12 8.21%£0.59
50 2.29+0.11 1.95+0.18 8.97+0.78
100 2.50£0.17 1.68£0.10 9.21+£0.91
200 2.74+0.20 1.90+0.19 9.05£0.69
300 2.89+0.23 2.01£0.16 8.98+0.58

2The kinetic parameters were determined as described in Section 2 at different concentrations of tyrosine. The data represent the average values of three

measurements.

The purified enzymes were assayed for feedback sensi-
tivity to Tyr and Phe, respectively. As shown in Table 3,
the wild-type enzyme and Ser!®’Ala were sensitive to Tyr
with an approximately 93 and 92% inhibition efficiency,
respectively, whereas the other mutant enzymes were com-
pletely resistant to Tyr inhibition. Like the wild-type
DAHP synthase, the mutant enzymes were active in the
presence of 700 uM Phe. These results indicate that
C. glutamicum DAHP synthase is a Tyr-sensitive enzyme.
It is worth to note that Ser!®’Cys/Tyr/Phe was not only
resistant to Tyr inhibition but also activated by the end
products, Tyr and Phe (Table 3). Interestingly, the en-
hancement of enzymatic activity by the end product was
also reported in Phe-insensitive AroG [17].

A steady-state kinetics study of wild-type and mutant
enzymes was performed with PEP and E4P by systematic
variation of the concentrations of both substrates. As
shown in Table 4, the apparent K, value of the wild-
type enzyme for PEP was 3.24 mM. The value was re-
markably increased to 83.24 mM in the presence of 300

Cgaro  (152)
Caaro3 (146)
Scaro3 (149)
Scaro4 (155)
Ecarof (136)
Starof (136)
Ecaroh (144)
Ecarog (145)

uM Tyr. Similarly, Ser'®”Ala exhibited an increased K
value even at concentration as low as 50 uM; however,
no significant alteration was found in the apparent K,
value of Ser!®’Cys. With E4P as the substrate, Tyr did
not cause a significant change in Vi and K, values of
wild-type and mutant enzymes. These results clearly indi-
cated that Tyr is a competitive inhibitor of C. glutamicum
DAHP synthase for PEP. Similarly, feedback inhibition of
tyrosine-sensitive DAHP synthase by Tyr has been shown
to be competitive with the substrate PEP [18].

3.3. The role of Ser'®” in allosteric mechanism

The fusion of a common catalytic domain with Trp-,
Phe- or Tyr-binding domains has led to the attainment
of specific feedback regulation in each isoenzyme [19].
However, the simultaneous loss of catalytic activity and
feedback inhibition of Trp-sensitive DAHPS implies that
functionally important regions probably exist in the over-
lapping sequences [7]. The mutational study on Phe-sensi-

IGAR motif

§er-1 87
MSMP I
YHSQL
LSFPI
LSFPV
LSMPYV
LSMPV
LSCPV
Lscpv

=T =2 =2 rrrr

-

S

Fig. 2. Sequence comparison of DAHP synthases surrounding the IGAR motif. Amino acid residues are expressed in one-letter codes and numbered
from the translational methionine of each enzyme. Conserved amino acid residues are in gray boxes. The amino acid residues involved in allosteric reg-
ulation are in open boxes. Cgaro, C. glutamicum DAHP synthase; Caaro3, C. albicans DAHP synthase; Scaro3 and Scaro4, S. cerevisiae DAHP syn-
thase isoenzymes; Starof, S. typhimurium DAHP synthase; Ecarof, Ecaroh and Ecarog, E. coli DAHP synthase isoenzymes.
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tive DAHP synthase also reveals that the catalytic and
feedback inhibition site is located in the same domain
[20]. In our case, the mutant enzymes were insensitive to
Tyr and had a reduced specific activity. Therefore, it seems
likely that the catalytic and regulatory sites are overlapped
in the enzyme. As defined by Walker et al. [21], type I
DAHP synthase as E. coli-like homologs having a subunit
M, of approximately 39 kDa. The conspicuous motifs
GPCS, KPRTS/T and IGAR in these enzymes are pro-
posed to be important for catalytic activity [22]. Using
in vitro chemical mutagenesis, the residues responsible
for feedback regulation of E. coli DAHP synthases are
identified [6,23]. As shown in Fig. 2, some of the key
amino acid residues are around the IGAR motif. It is
evident that tyrosine acts as a competitor for the binding
of PEP to the tyrosine-sensitive DAHP synthase and
phenylalanine plays as a competitor for the binding of
E4P to the phenylalanine-sensitive enzyme [18,24]. Based
on the above facts, it is reasonable to speculate that the
residues shown to be important for feedback inhibition are
uniquely correlated with the specificity of feedback inhib-
itor. As shown in Fig. 2, except the ARO3 from C. albi-
cans, the encompassing residue of Ser'®” of C. glutamicum
DAHP synthase is well conserved among different en-
zymes. Thus, this residue does not seem to participate
directly in the feedback specificity of DAHPS isoenzyme.
In C. glutamicun DAHP synthase, the replacement of
Ser!87 with Cys, Phe or Tyr resulted in a marked resistance
to feedback inhibition. Since the insensibility of the en-
zyme to tyrosine is related to the bulk of substituted ami-
no acids, the steric hindrance seems to be important in the
feedback inhibition process. To function as part of a direct
binding site, amino acid residues of the enzyme should be
in the substrate-accessible hydrophilic domain. In fact,
Ser!®” of C. glutamicum DAHP synthase is located in a
hydrophobic domain (data not shown), indicating it would
not have a direct interaction with Tyr during allosteric
regulation.

In conclusion, we have demonstrated that Ser'¥” of C
glutamicum DAHP synthase is an essential residue for the
feedback inhibition. Rather than being directly involved in
the binding of competitive inhibitor, it may play a role in
intramolecular interactions linked to feedback inhibition.

Acknowledgements

This work was supported by Grants NSC87-2316-B005-
018 and NSC88-2311-B005-030 from the National Science
Council of the Republic of China.

References

[1] Srinivasan, P.R. and Sprinson, D.B. (1959) 2-Keto-3-deoxy-p-arabi-
no-heptulosonate-7-phosphate synthase. J. Biol. Chem. 234, 716-722.

[2] Hagino, H. and Nakayama, K. (1975) DAHP synthetase and its
control in Corynebacterium glutamicum. Agric. Biol. Chem. 39,
351-361.

[3] Pittard, A.J. (1996) Biosynthesis of the aromatic amino acids. In:
Escherichia coli and Salmonella (Neidhardt, F.C. et al., Eds.), pp.
458-484. American Society for Microbiology, Washington, DC.

[4] Davies, W.D. and Davidson, B.E. (1982) The nucleotide sequence of

aroG, the gene for 3-deoxy-p-arabino-heptulosonate-7-phosphate syn-

thetase (phe) in Escherichia coli K-12. Nucleic Acids Res. 10, 4045-

4058.

Schultz, J., Hermondson, M.A., Garner, C.C. and Hermann, K.M.

(1984) The nucleotide sequence of the aroF gene of Escherichia coli

and the amino acid sequence of the encoded protein, the tyrosine-

sensitive  3-deoxy-p-arabino-heptulosonate-7-phosphate  synthetase.

J. Biol. Chem. 259, 9655-9661.

[6] Ray, J.M., Yanofsky, C. and Bauerle, R. (1988) Mutational analysis
of the catalytic and feedback sites of the tryptophan-sensitive 3-de-
oxy-D-arabino-heptulosonate-7-phosphate synthase of Escherichia
coli. J. Bacteriol. 170, 5500-5506.

[7] Paravicini, G., Braus, G. and Hutter, R. (1988) Structure of the

ARO3 gene of Saccharomyces cerevisiae. Mol. Gen. Genet. 214,

165-169.

Kunzler, M., Paravicini, G., Egli, C.M., Irniger, S. and Braus, G.H.

(1992) Cloning, primary structure and regulation of the ARO4 gene,

encoding the tyrosine-inhibited 3-deoxy-p-arabino-heptulosonate-7-

phosphate synthase from Saccharomyces cerevisiae. Gene 113, 67—

74.

Pereira, S.A. and Livi, G.P. (1993) Cloning and expression of the

ARO3 gene encoding DAHP synthase from Candida albicans. Gene

132, 159-165.

[10] Muday, G.K. and Herrmann, K.M. (1990) Regulation of the Salmo-
nella typhimurium aroF gene in Escherichia coli. J. Bacteriol. 172,
2259-2266.

[11] Chen, C.C., Liao, C.C. and Hsu, W.H. (1993) The cloning and nu-
cleotide sequence of a Corynebacterium glutamicum 3-deoxy-p-arabi-
no-heptulosonate-7-phosphate synthase gene. FEMS Microbiol. Lett.
107, 223-230.

[12] Kunkel, T.A., Roberts, J.D. and Zakour, R.A. (1987) Rapid and
efficient site-specific mutagenesis without phenotypic selection. Meth-
ods Enzymol. 154, 367-382.

[13] Chan, M.S. and Hsu, W.H. (1996) Cloning of m-fluorophenylalanine-
resistant gene and mutational analysis of feedback-resistant prephen-

[5

[8

[9

ate dehydratase from Corynebacterium glutamicum. Biochem. Bio-
phys. Res. Commun. 291, 537-542.

[14] Sambrook, J., Fritsh, E.F. and Maniatis, T. (1989) Molecular Clon-
ing: A Laboratory Mannual, pp. 17.2-17.44. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

[15] Shiio, I., Sugimoto, S. and Miyajima, R. (1974) Regulation of 3-
deoxy-D-arabino-heptulosonate-7-phosphate synthase in Brevibacte-
rium flavum. J. Biochem. 75, 987-997.

[16] Follettie, M.T. and Sinskey, A.J. (1986) Molecular cloning and nu-
cleotide sequence of the Corynebacterium glutamicum pheA gene.
J. Bacteriol. 167, 695-702.

[17] Kikuchi, Y., Tsujimoto, K. and Kurahashi, O. (1997) Mutational
analysis of feedback sites of phenylalanine-sensitive 3-deoxy-p-arabi-
no-heptulosonate-7-phosphate synthase of Escherichia coli. Appl. En-
viron. Microbiol. 63, 761-762.

[18] Schoner, R. and Herrman, K.M. (1976) 3-Deoxy-p-arabino-heptulo-
sonate-7-phosphate synthase. Purification, properties, and kinetics of
the tyrosine-sensitive isoenzyme from Escherichia coli. J. Biol. Chem.
251, 5440-5447.

[19] Whitaker, R.J., Berry, A., Byng, G.S., Fiske, M.J. and Jensen, R.A.
(1985) Clues from Xanthomonas campestris about the evolution of
aromatic biosynthesis and its regulation. J. Mol. Evol. 21, 139-149.

[20] Stephens, C.M. and Bauerle, R. (1992) Essential cysteines in 3-deoxy-
D-arabino-heptulosonate-7-phosphate synthase from Escherichia coli.
J. Biol. Chem. 267, 5762-5767.

9T0Z ‘Tz aunr uo 1s9nb Aq /B1o'sfeulnofpiojxo-asway//:dny wolj pepeojumod


http://femsle.oxfordjournals.org/

64

[21]

[22]

H.-F. Liao et al.| FEMS Microbiology Letters 194 (2001) 59-64

Walker, G.E., Dunbar, B., Hunter, L.S., Nimmo, H.G. and Coggins,
J.R. (1996) Evidence for a novel class of microbial 3-deoxy-p-arabino-
heptulosonate-7-phosphate synthase in Streptomyces coelicolor A3,
Streptomyces remosus and Neurospora crassa. Microbiology 142 (2),
1973-1982.

Subramaniam, P.S., Xie, G., Xia, T. and Jensen, R.A. (1998) Sub-
strate ambiguity of 3-deoxy-p-manno-octulosonate-8-phosphate syn-
thase from Neisseria gonorrhoeae in the context of its membership in
a protein family containing a subset of 3-deoxy-p-arabino-heptuloso-
nate-7-phosphate synthases. J. Bacteriol. 180, 119-127.

[23] Ger, Y.M., Chen, S.L., Chiang, H.J. and Shiuan, D. (1994) A single
Ser-180 mutation desensitizes feedback inhibition of the phenylala-
nine-3-deoxy-D-arabino-heptulosonate-7-phosphate  synthetase  in
Escherichia coli. J. Biochem. 116, 986-990.

[24] McCandliss, R.J., Poling, M.D. and Herrmann, K.M. (1978) 3-De-
oxy-D-arabino-heptulosonate-7-phosphate synthase. Purification and
molecular characterization of the phenylalanine-sensitive isoenzyme
from Escherichia coli. J. Biol. Chem. 253, 4259-4265.

9T0Z ‘Tz aunr uo 1s9nb Aq /B1o'sfeulnofpiojxo-asway//:dny wolj pepeojumod


http://femsle.oxfordjournals.org/

