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Abstract. To ascertain the functional role of cysteine residue in 3-demayabino-heptulosonate-7-
phosphate (DAHP) synthase fro@orynebacterium glutamicunsite-directed mutagenesis was per-
formed to change each of the three residues to serine. Plasmids were constructed for high-level
overproduction and one-step purification of histidine-tagged DAHP synthase. Analysis of the purified
wild-type and mutant enzymes by SDS-polyacrylamide gel electrophoresis showed an apparent protein
band with a molecular mass of approximately 45 kDa. '¢3®er mutant retained about 16% of the
enzyme activity, while DAHP synthase activity was abolished in®Gsr mutant. Kinetic analysis of
Cys'**ser mutant with PEP as a substrate revealed a marked increksewith significant change in

k.o resulting in a 13.6-fold decrease kn /K, = Cys*** was found to be nonessential for catalytic
activity, although it is highly conserved in DAHP synthases. From these studi€¥, dapysears important

for synthase activity, while Cy$° plays a crucial role in the catalytic efficiency through affecting the
mode of substrate binding.

The enzyme 3-deoxy-arabino-heptulosonate-7-phos- DAHP synthase oE. coli was inactivated reversibly by
phate (DAHP) synthase (EC 4.1.2.15) catalyzes the conp-hydroxymercuribenzoate and irreversibly by 5,5-di-
densation of phosphoenolpyruvate (PEP) and erythrosehiobis-2-nitrobenzoate [28]. Some reports also demon-
4-phosphate (E4P) to produce DAHP and Pi [27]. Thisstrated similar sensitivity to sulfhydryl modification in
reaction is the first step in the biosynthesis of aromatiioAHP synthases frors. typhimuriuni15], Neurospora
amino acids in minOOfganismS and plantS. ACCOI’ding t%rassa[G]’ and Brevibacteriun’sp' [32] These observa-
the mode of feedback inhibition, the enzyme is classifiedjons indicate that the DAHP synthases appear to require
into phenylalanine-sensitive  DAHP synthasarodG 4t |east one cysteine sulfhydryl for enzymatic activity.
product), tryptophan-sensitive DAHP synthasiol  Ajthough the role of cysteine residues in enzyme func-
product), and tyrosine-sensitive DAHP synthaaeof tion has not yet been established, a reaction mechanism

pro?#Ct) [2f6’ 35{h37t]ﬁ -gse Erimr;ry selc_]uences of I:)'ngin which an active site cysteine forms a thioester inter-
synthases from the thréescherichia colisoenzymes [5, mediate with PEP was proposed [7]. It has been specu-

21, 24], the twoSaccharomyces cerevisia@enzymes lated that Cy&' of E. coli phenylalanine-sensitive DAHP

[11, 17], Candida albicans[19], Salmonella typhi- " . -
murium[14], andCorynebacterium glutamicufs] show synthase may play a critical role in metal binding and
’ catalytic activity, and Cy&®is nonessential for the en-

a high degree of similarity throughout the polypeptide,

indicating a common ancestry and conserved structureﬁymatic activity, but it may lie near the active site [30].
properties. Previously, we have reported the molecular cloning and

It has been reported that the phenylalanine-sensitiv®NA sequence of the DAHP synthasiapg gene from
C. glutamicum[3]. The enzyme contains three cysteine
Correspondence toV.-H. Hsu;email: whhsu@dragon.nchu.edu.tw  residues at positions 67, 145, and 334, respectively. In
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Table 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype References

E. coli strains

DH5a SUpE44 lacU16980lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl 9

M15 nal™ strerifSlac™ ara” gal” mtl” F~ recA" uvr® lon” Qiagen Inc.

JM109 recA supE44 endAl hsdR17 gyrA96 relAlAkliac-proAB) 36

CJ236 dutl ungl thi-1 relA1/pCJ105(carR’) 10

MV1190 A(lac-proAB) thisupEA(srl-recA306::Tn10 fet) F'(traD36 proAB lact lacZAM15) 36
Plasmids:

pSUDS-18 K Cm’ dahpsgene 3

puC19 Ap lacz 36

M13mpl8 Ap lacz 36

pUC-DS Ap lacZ dahpsgene This study

pM13-DS Ap lacZ dahpsgene This study

pQE-DS Ap lacZ dahpsgene This study

Table 2. Oligonucleotide primers used for PCR and site-directed
this study, we describe the mutational modification of Mutagenesis
cysteine residues df. glutamicumDAHP synthase to .
. . . . .Primer for Sequence
investigate the role of these residues in the enzymatic

activity. PCR:
DS-1 5-GGATCGTTCGATATTGAGG-3 BanHl
Materia's and Methods DS-2 5-GTTCTAGAGCTGTTTGGCGCCGTCTA-
GTTC-3 Xbd
Bacterial strains, plasmids, and growth conditions.The bacterial Site-directed
strains and plasmids used in this study are listed in Tablge. Zoli mutagenesis:
DH5a was used for plasmid construction and propagattrcoli was Cys’Leu 5'-CCTCTCTCAGTTCACGATCC-3
cultivated at 37°C on Luria-Bertani medium [22], and, when required  Cys"’Ser 5'-CCTAGCTCAGTTCACGATCC-3
for plasmid selection, ampicillin (10Qg/ml) was included. Cys“5ser 5'-GGCAGOGAATTCCTCGAACC-3
Cys*¥ser 5'-AAGAGCATCGATATTGACAC-3'

Enzymes, reagents, and DNA manipulationsRestriction enzymes
and T4 DNA ligase were purchased from New England Biolabs (MA,
USA) or Boehringer Mannheim Biochemica (Germanifu DNA
polymerase was purchased from Promega Co. (Madison, WI, USA).
Media and agar were obtained from Difco Ltd. (Detroit, MI, USA). All BanHI-Sad DNA fragment was excised from pUC-DS and cloned into
chemicals for sodium dodecyl sulfate-polyacrylamide electrophoresipQE-30 to yield pQE-DS. The resulting plasmid was introducedEnto
(SDS/PAGE) preparation were acquired from Bio-Rad Laboratoriescoli M15, anddahpsgene expression was induced in exponentially
Inc. (CA, USA). growing cells (optical density at 600 nm, 0.8—-1.0) by the addition of 1
DNA manipulations inE. coli were conducted as described by mm isopropyl3-p-thiogalactopyranoside (IPTG). After a further 3-h
Sambrooket al. [22]. Restriction endonuclease digestions, ligations, cultivation, cells were harvested by centrifugation at 12,G0r 10
and DNA modifications were performed as recommended by the commin, resuspended in 3 ml of binding buffer (Svnimidazole, 0.5m
mercial suppliers. The nucleotide sequence was determined in botMaCl, and 20 mu Tris-HCI; pH 7.9) and disrupted by sonication. Cell
directions by the chain termination method [23], by using single- debris was removed by centrifugation at 12,a9@r 10 min. The
stranded phage DNA and synthetic oligonucleotides as primers. resulting supernatants were mixed with nickel nitrilotriacetate (Ni/

| id . d purificati ¢ h | id NTA) resin (Novagen, Madison, WI, USA) pre-equilibrated with bind-
Plasmid constructions and purification of DAHP synthasePlasmi ing buffer (5 mv imidazole, 0.5 mi NaCl, and 20 mu Tris-HCI; pH

PSUDS-18 was used as a template for amplification ottilepsgene 7.9). The adherent proteins were eluted from the Ni/NTA resin with a

with primers DS-1 and DS-2 (Table 2). DNA amplification was per- buffer containing M imidazole, 0.5 NaCl, and 20 m Tris-HCI (pH
formed in 100wl of reaction mixture containing 200 ng of template, 10 7.9) ' '

wl of a 10x amplification buffer, 2um of each primer, 20@m of each
dNTP, 2.5 U of Pfu DNA polymerase with a Perkin-Elmer 9600 Site-directed mutagenesis ofC. glutamicum DAHP synthase. A
thermocycler (Perkin-Elmer Cetus, CT, USA). The PCR conditions 1.85-kbBanHI-Sad fragment containing. glutamicum dahpgene in
were as follows: one cycle at 94°C for 3 min followed by 30 cycles of plasmid pUC-DS was subcloned into phage M13mp19 to yield pM13-
1 min at 94°C, 2 min at 60°C, and 1 min at 72°C. The amplification DS. The uridinylated DNA templates of pM13-DS were preparef.in
reaction was completed with a final extension at 72°C for 10 min. Thecoli CJ236. Site-specific mutagenesis was performed according to the
PCR products were purified from a 1% agarose gel with the Genecleamethod of Kunkelet al. [10], using the Muta-Gene M13 in vitro
Il kit (Biol01 Inc., CA, USA) as described by the supplier. The Mutagenesis kit from Bio-Rad. Synthetic oligonucleotides used as
recovered products were cloned as a 2.57B@mHI-Xba fragment primers to carry out the reactions are listed in Table 2. The phages
into the corresponding sites of pUC19 to generate pUC-DS. containing mutantlahpsgenes were screened and sequenced to con-
For overexpression dE. glutamicumDAHP synthase, a 1.85-kb  firm the successful mutations. TBanH|I-Pst fragments of the desired
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Domain | * kDa
Cgaro (1) RVVVIGPCSVHDPEAAIDYA 12 3 4 5 6
Caaro3 (61) L - - I[GPCS I HDPQAALDYC 200—
Scaro3 (61) L | V I[GP CS|[LHDPKAAYDYA
Scaro4 (67) LV I V/IGP CS|I HDLEAAQEYA 116 — s
Ecarof (55) LVV C/GPCS(I HDPETALEYA 97—~
Starof (53) LVVC|GPCS I HDPETALEYA ¢
Ecaroh (51) LV | I|[GPCS/ I HDLTAAMEYA 66 —
Ecarog (52) L VV I|GP CS|/I HDPVAAKEYA
GPCS motif —N
Domain Il * -
Cgaro (135) VVNLDLPVGCEFLEPNSPAQ 31_\ . |
Caaro3 (134) L TS - KLP I AGEMLDTI SPAQ
Scaro3 (138) LVE - KLP I AGEMLDT I SPQ Fig 2. SDS/PAGE analysis of DAHP synthases purified by Ni-NTA
Scaro4 (143) L TN I GLP I GSEMLDT I SPQ resin. Lanes:1, protein size marker; 2, wild-type DAHP synthase; 3,
Ecarof (129) LVNMGLPLATEALDPNSPAQ Cy$’Leu mutant; 4, Cy&Ser mutant; 5, Cy$°Ser mutant; 6,
Starof (129) LVNMGLPLATEALDPNSPAQ Cy§34Ser mutant.
Ecaroh (127) VN ELGVPTATEFLDMV TGAQ
Ecarog (128) | ND SGLPAAGEFLDMITPAQ
Table 3. Specific activity and kinetic parameters of wild-type and
mutant DAHP synthasés
Domain Il *
Cgaro (326) Y GQS VTDKC IDIDTTIDLL Specific
Caaro3 (329) YG VS I TDAC IGWETTEEVL ivi PEP PEP
Scaro3 (328) Y GC S VI DAC IGWESTEQV L activity Fim Koat kc'il/fm —1
Enzyme (U/mg) (rM) (min™) (min"* mM™Y)
Scaro4 (327) ¥ G VS I TDAC IGWETTEDVL
Ecarof (313) ¥ G VS VTDAC | SWEMTDALL X
Starof (313) YG VS VTDAC I SWEMTDALL Wild-type 139.3 4.29 0.21 48.95
Ecaroh (311) Y GQ S | TDP CLGWEDSERL YV CysLeu 8.1 40.44 0.13 3.21
Ecarog (312) YG KS | TDAC I GWED T TDALL Cy<7Ser 0.0 NDP ND ND
4
Fig 1. Amino acid sequence alignment ©f glutamicumDAHP syn- 852322: 1123?_2 223? 822 4:;37’i

thase with other microbial enzymes. Invariant residues are in gray
boxes. Cy%’, Cys*® and Cy$** are noted by stars. CgarG, glu-
tamicumDAHP synthase [12]; CaaroX. albicansDAHP synthase
[10]; Scaro3 and Scaro&. cerevisiadAHP synthase isoenzymes [8,
9]; Starof,S. typhimuriumDAHP synthase [11]; Ecarof, Ecaroh, and
Ecarog,E. coli DAHP synthase isoenzymes [5-7].

2The data represent the average values of three measurements, and
the standard deviations are estimated tot#5%.
P ND, not determined.

Results and Discussion

clones were then subcloned into pQE-30 for enzyme purification anosequence comparison and expression of recombinant
characterization. DAHP synthasesThere are two distinct types of DAHP
Electrophoretic analysis and spectroscopic procedureSDS/PAGE  synthase in the current database. Eaeoli-like DAHP
was performed by using a Mini-Protean gel system (Bio-Rad Labora-synthases have a subuM of about 39 kDa, while the
tories, MA, USA) essentially according to Laemmli [12]. Protein bands plant-like enzymes have a subqu, of about 54 kDa

were visualized by staining with Coomassie brilliant blue G-250. A L
molecular mass standard mixture (21.5—-200 kDa) from Novex Experl34]' The type | DAHP SynthaseE( coli-like enzymes)

imental Technology (CA, USA) was used to determine the apparentVere further subdivided into two subfamilies, and the
molecular masses of the samples. levels of overall identities between individual members

The UV-visible absorption spectra of wild-type and mutant of subfamilies are sufficient low [31]. It has been pro-
DAHP synthases were performed according to the procedure Obosed that GPCS, KPRTS/T, and IGAR motifs may
Sundaranet al. [33] with a Beckman spectrophotometer. . . .

correspond to the active-site residues of DAHP synthases

Enzyme assay and determination of kinetic parametersThe DAHP [21]. In fact, all these motifs are conserved in DAHP
synthase activity was determined with a stop assay based on th§ynthase fronC. glutamicum On the basis of the uni-

absorbance at 549 nm as described by Seéiial. [25]. One activity _
unit is defined as the disappearance pfole of PEP per min at 30°C. versal sensitivity of DAHP Synthases to Su”hydryl mod-

Protein concentration was estimated by the method of Bradford [2]ifYiNg agents, it is reasonable to speculate that the puta-
with bovine serum albumin as a standard. tive essential cysteine would be well conserved among
A steady-state kinetics study of wild-type and mutant enzymesthe enzymes. The enzyme©f glutamicuncontains two
was performed with PEP and E4P by systematic variation of theinvariant Cysteine residues at positions 67 and 334, re-

concentrations of both substrates. g, andK,, values were deter . . .
mined by fitting the initial rates as a function of substrate concentra-specuvely (Flg‘ 1)‘ C)fg (CorreSpondS to C:?é of E. coli

tions to Michaelis-Menten equation by using Grafit software (SigmaPhenylalanine-sensitive DAHP synthase) is located
Co., St. Louis, MO, USA). within the GPCS motif, and Cy3* (corresponds to
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Table 4. Activity of wild-type and mutant DAHP synthases in the presence of the indicated metal

Specific activity (U/mg protein)

Enzyme None Cé* Niz+ Mg>* zn** Mn?*
Wild-type 103.40 965.48 447.99 92.28 98.53 76.26
Cy$’Leu 7.35 24.90 16.78 8.28 12.70 10.13
Cys’Ser 0.00 0.00 0.00 0.00 0.00 0.00
Cyst*SSer 17.62 149.33 57.50 8.28 5.75 16.78
Cys*¥Ser 98.26 894.90 388.26 71.32 75.97 72.63

@ The data represent the average values of three measurements and the standard deviations are estintat8efto be

Cys*?® of E. coli phenylalanine-sensitive DAHP syn wild-type and mutant DAHP synthases was the same (pH
thase) exists in the carboxyl-terminal of the enzyme. A6.5), and the enzymes exhibited similar patterns in ac-
third variant cysteine is present at position 145@f tivity over a pH range of 1.5 to 8.5. The wild-type and
glutamicumDAHP synthase, while other DAHP syn- mutant enzymes were active over a temperature range of
thases contain mostly glycine or tryptophan residue a25-50°C and had optimum activity at 30°C. These re-
the equivalent position (Fig. 1). In order to investigate sults revealed that the wild-type and mutant enzymes had
which cysteine residue might be essential for activity,a similar biochemical characteristic.

replacement of each residue by serine was performed by The kinetic parameters of wild-type and mutant en-
oligonucleotide-directed mutagenesis. The altered sezymes are listed in Table 3. Compared with the wild-type
quences of thalahpsgene in the plasmids were con- enzyme, the Cy4°Ser mutant showed a 1.6-fold -de
firmed by DNA sequencingE. coli M15 containing the  crease irk,,, and a 4.6-fold increase ,,”=". It should
recombinant plasmids was evaluated for the synthesis dfe noted that the mutation of C¥4 to serine did not
DAHP synthases by IPTG induction of a shake flasksignificantly change kinetic properties of the enzyme.

culture. Synthesis of a protein of about 45 kDa was . .
detected on SDS/PAGE gel following IPTG induction, Effect of metal ions on wild ty_pe and mutant_ D.AHP
%ynthases.T he effect of metal ions on the activity @f.

whereas no protein band was observed in the uninduce utamicumDAHP svnthase was examined by the addi-
samples (data not shown). The expressed enzymes ?1 Y y

. A ) . . tion of 1 mv metal ions to the enzyme reaction. As
which a six-histidine tag is present at their C—termmalShown in Table 4. the wild-tvoe and mutant enzvmes had
were purified by Ni-NTA resins and showed identical ' yp y

- . . a similar metal preference and were most active in the
mobility on SDS/PAGE (Fig 2). Protein secondary struc- ~ . .
tures of wild-type and mutant DAHP synthases wereP'es€nce of . Itis worth noting that Cy¥Ser was

compared by using the PEPTIDE STRUCTURE anc/°01415"% Dase respeciue e chert el on
PLOT STRUCTURE programs based on the Chou-Fas- : . Y o 9
. . ““metal ion remains unclear, it is generally known that
man algorithm [4]. The results showed that no obvious : :
. AHP synthases require a divalent metal cofactor for
change was found in the overall secondary structure o

the wild-type and mutant enzymes. Additionally, com- _activity. Previous _repo_rts indicated that the three
parison of the mutant proteins with wild-type DAHP isozymes fronk. coliare ion dependent [13, 20]. DAHP

: . S : ., synthases from other bacteria [8, 15] and from some

synthase by circular dichroism in the far-UV region did
L : eukaryotes [16, 18] have also been shown to be EDTA

not reveal any significant difference (data not shown).

These observations indicated that the alteration of ¢ S§ensitive and stimulatable by various divalent cations.
Y Many researchers speculated that DAHP synthase

teine residues is unlikely to cause any disruption to th<=Trom E. coli is a natural C#*-containing enzyme and
global conformation ofC. glutamicumDAHP synthase. Shows .an absorbance near 350 nm in the UV spectrum

Enzymatic properties. The purified wild-type enzyme [1, 20, 29]. The absorbance has been attributed to a
had a specific activity of 139.3 U per mg of protein ligand-to-metal charge transfer process between DAHP
(Table 3). The activity was completely abolished in synthase and Cii [29]. Previously, it has been shown
Cy<’Ser mutant, while the Cy&°Ser mutant retained that four inactive Cy& mutants do not exhibit the typical
about 83.6% of the wild-type enzyme. It is worth noting absorbance at = 350 nm, whereas the C% mutants
that Cys$3Ser mutant showed no apparent change irdo display the peak [30]. In the present study, a similar
enzymatic activity, indicating Cy3” residue is not es peak atA = 350 nm was observed in wild-typ€.
sential for DAHP synthase activity. The optimum pH for glutamicumDAHP synthase when it was incubated with
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CU*" either in the presence or in the absence of PEPS.

(data not shown). Interestingly, our inactive mutant,
Cy<’Ser, did not have the typical peak for €ucon

taining DAHP synthase, whereas €flseu displayed the ¢

A = 350 nm peak, indicating that the thiolate of €{s
not participating in C&" binding. Although Cy&' of E.
coli phenylalanine-sensitive DAHP synthase has been
proposed to play a critical role in metal binding and
catalytic activity [30], the work of Sundaraet al. [33]
suggested that this residue is not directly involved in
metal binding, but it may influence geometry of the metal
binding site.

12.

Conclusion

From the above fact, it is clear that Gy®f C. glutami
cumDAHP synthase is required for the catalytic mech-
anism of the enzyme, since its mutation resulted in a

complete loss of activity. Because no dramatic change ins,

enzymatic activity was found in Cy¥'Ser, we proposed
that residue Cy$*is not essential in catalytic activity. It
is likely that Cys*®> may be involved in substrate bind
ing, as suggested by the increaseg value for PEP.
Determination of the three-dimensional structureCof

glutamicumDAHP synthase is in progress. The resultant17.

information will help to clarify their roles in the enzyme.

10.

11.

13.

16.
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