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Abstract: Directed evolution of 2-keto-3-deoxy-6-phosphogalactonate (KDPGal) aldolase for microbial
synthesis of shikimate pathway products provides an alternate strategy to circumvent the competition for
phosphoenolpyruvate between 3-deoxy-p-arabino-heptulosonic acid 7-phosphate (DAHP) synthase and
the phosphoenolpyruvate:carbohydrate phosphotransferase system in Escherichia coli. E. coli KDPGal
aldolase was evolved using a combination of error-prone polymerase chain reaction, DNA shuffling, and
multiple-site-directed mutagenesis to afford KDPGal aldolase variant NR8.276-2, which exhibits a 60-fold
improvement in the ratio k.a/Kw relative to that of wild-type E. coli KDPGal aldolase in catalyzing the addition
of pyruvate to p-erythrose 4-phosphate to form DAHP. On the basis of its nucleotide sequence, NR8.276-2
contains seven amino acid changes from the wild-type E. coli KDPGal aldolase. Amplified expression of
NR8.276-2 in the DAHP synthase and shikimate dehydrogenase-deficient E. coli strain NR7 under fed-
batch fermentor-controlled cultivation conditions resulted in synthesis of 13 g/L 3-dehydroshikimic acid in
6.5% molar yield from glucose. Increased coexpression of the irreversible downstream enzyme 3-dehy-
droquinate synthase increased production of 3-dehydroshikimic acid to 19 g/L in 9.7% molar yield from
glucose. Coamplification with transketolase, which increases p-erythrose 4-phosphate availability, afforded
16 g/L 3-dehydroshikimic acid in 8.5% molar yield.

Introduction A new strategy to synthesize DAHP in which an enzyme is
evolved to condense pyruvate witherythrose 4-phosphate,
thereby avoiding consumption of phosphoenolpyruvate, was
recently reported.E. coli dgoAencoded 2-keto-3-deoxy-6-
phosphogalactonate (KDPGal) aldolase, which normally cata-
Iyzes the reversible cleavage of KDPGal to pyruvate and

-glyceraldehyde 3-phosphate, was evolved by directed evolu-
ion to catalyze a reversible condensation of pyruvate and
p-erythrose 4-phosphate to form DAHP (Scheme 1). DuEng
coli PTS-mediated glucose transport, one molecule of pyruvate
is generated from phosphoenolpyruvate for each molecule of
glucose transported into the cytoplasm and phosphorylated to
form glucose 6-phosphateUtilization of the PTS byproduct
pyruvate as a substrate for KDPGal aldolase-catalyzed DAHP
synthesis avoids competition for phosphoenolpyruvate with the
PTS (Scheme 1).

In an extension of our preliminary studies, in this paper we
describe the use of multiple-site-directed mutagenesis to further
improve DAHP synthesizing activity of KDPGal aldolase.

The shikimate pathway starts with the stereospecific con-
densation of phosphoenolpyruvate andrythrose 4-phosphate
to form 3-deoxyp-arabino-heptulosonic acid 7-phosphate
(DAHP) catalyzed by DAHP synthase (Scheme 1). Competition
between DAHP synthase and the sugar-transporting phospho
enolpyruvate:carbohydrate phosphotransferase system (PTS).
for cytoplasmic supplies of phosphoenolpyruvate limits the
concentrations and yields of chemicals microbially synthesized
via the shikimate pathwayStrategies to alleviate this limitation
examined previously focused on increasing phosphoenol-
pyruvate availability irEscherichia coliTwo methods that have
been elaborated to increase phosphoenolpyruvate availability
include overexpression @psAencoded phosphoenolpyruvate
synthase to recycle pyruvate back to phosphoenolpyrtivate
and avoidance of the expenditure of phosphoenolpyruvate
during glucose transport. The latter strategy was achieved by
replacing the nativé&. coli PTS withZymomonas mobilis glf
encoded glucose facilitatbor E. coli galP-encoded galactose

permeasé.
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Scheme 1. Shikimate Pathway Variants®?
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a Abbreviations: G6P, glucose 6-phosphate; Egferythrose 4-phos-
phate; PEP, phosphoenolpyruvate; DAHP, 3-depygrabino-heptulosonic
acid 7-phosphate; DHQ, 3-dehydroquinic acid; DHS, 3-dehydroshikimic
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Table 1. Kinetic Parameters of Wild-Type KDPGal Aldolases and
Evolved Mutants
Ku(E4P) Keat Keal K
entry enzyme (M) (s (uM~ts™)
1 wild-type E. coli DgoA 570 0.94 1.6<10°3
2 wild-type K. pneumonia®goA 1500 14 9.3 104
3 wild-type S. typhimuriunDgoA 690 0.60 87104
4 ECO03-1 120 25 2.% 1072
5 NR8.165-2 160 25 1.6 102
6 NR8.165-4 120 48 4.8 1072
7 NR8.276-2 49 49 16101
Results

Directed Evolution of 2-Keto-3-deoxy-6-phosphogalacto-
nate Aldolase.In a previous paper, subjection of wild-tyjge
coli KDPGal aldolase to two rounds of error-prone polymerase
chain reaction (PCR) and one round of DNA shuffling was
described. A subset of the resulting 2-keto-3-deoxy-6-phos-
phogalactonate aldolase variants were capable of supporting
growth of E. coli CB734¢ a DAHP synthase-deficient strain,
in minimal salt medium in the absence aoftyrosine, L-
phenylalanine, and-tryptophan supplementation. The KDPGal
aldolase mutant with the highest specific activity, designated
ECO03-1, carried six amino acid mutations (F33I, D58N, Q72H,
A75V, V85A, V154F). The DAHP synthesizing specific activity

acid.’Enzymes and encoding genes: (a) PEP:carbohydrate phosphotransof EC03-1 in crude lysate showed an 8-fold improvement

ferase systempfsH, ptsl, crr, ptsG; (b) phosphoenolpyruvate synthase
(ppsA; (c) DAHP synthase droF, aroG, aroH); (d) KDPGal aldolase
(dgoA); (e) 3-dehydroquinate synthassedB); (f) 3-dehydroquinate dehy-
dratase 4roD); (g) shikimate dehydrogenaser@E).

relative to that of wild-typeE. coli KDPGal aldolasé.

In the present study, the wild-tyge coli KDPGal aldolase
and the evolved EC03-1 were expressed as N-terminal fusion
proteins with glutathione&s-transferase by cloning each gene

Extension of the research to include the application of evolved into pGEX-4T-1. The resulting soluble fusion proteins were
KDPGal aldolase for the synthesis of shikimate pathway purified to homogeneity in one step on glutathier@pharose

intermediate 3-dehydroshikimic acid is also described. In

addition, amplified expression of both 3-dehydroquinate syn-

under nondenaturing conditions. TKg for b-erythrose 4-phos-
phate and< of the glutathioneStransferase-tagged KDPGal

thase, an irreversible enzyme downstream from the evolved aldolases were determined by measuring DAHP synthesizing

aldolase, and transketolasey-arythrose 4-phosphate-generating

activity at various concentrations oferythrose 4-phosphate

enzyme, was investigated for increasing both the titer and yield and a pyruvate concentration of 2 mM. The wild-tygecoli
of 3-dehydroshikimic acid. The strategy described in this study KDPGal aldolase showed kas: of 0.94 s and aKy of 570
to avoid the competition between the PTS and DAHP synthase uM for p-erythrose 4-phosphate (Table 1, entry 1). The KDPGal
for cellular phosphoenolpyruvic acid supplies may be applicable aldolase mutant EC03-1 showed a 2.5-fold increadeg.rand

to synthesis of shikimic acifl,a starting material for the
manufacture of the oral antiinfluenza agent Tamliflas well

a 5-fold decrease iKy relative to those of the wild-typ&.
coli enzyme, leading to an improvementkgy/Ky of 13-fold

as to the syntheses of a plethora of commodity, pseudocom-(Table 1, entry 4 vs entry 1).

modity, and fine chemicals derived from the shikimate pathway.

These chemicals include adipic aighenol? hydroquinoné?
catecholt! p-hydroxybenzoic acid? vanillin,® indigo,'* and
gallic acid and pyrogallof®
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2001, 40, 1945-1948.
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123 1092710934.

Int. Ed.

In addition to the KDPGal aldolase from. coli, putative
KDPGal aldolase orthologues have also been identified on the
basis of sequence similarity searches using BLAST through the
National Center for Biotechnology Informatihand ERGO
(Integrated Genomics, Chicago, I )databases. Among the
aldolases identified, KDPGal aldolase activity of the putative
KDPGal aldolases fromKlebsiella pneumoniaehas been
determined. The wild-type K. pneumoniaeKDPGal aldolase
and the putativ&almonella typhimuriurKDPGal aldolase each
have 80% DNA sequence identity with the wild-type coli
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enzyme, which is adequate sequence similarity for efficient
DNA shuffling between the sequencéd’he KDPGal aldolases
from K. pneumoniaeand S. typhimuriumwere expressed and
purified as N-terminal glutathion®transferase-tagged proteins.
The wild-typeK. pneumoniaé&DPGal aldolase exhibits a higher
keat Of 1.4 st and a largeiKy of 1500 uM for p-erythrose
4-phosphate compared with the wild-tyfe coli KDPGal
aldolase (Table 1, entry 2 vs entry 1). The DAHP synthesis
activity of the putativeS. typhimuriumenzyme was confirmed
and shows a lowek.,: of 0.60 s and a largeKy of 690 uM
relative to those of th&. coliKDPGal aldolase (Table 1, entry

3 vs entry 1).

Wild-type S. typhimurium dgoAvas subjected to two rounds
of error-prone PCR followed by two rounds of DNA shuffling
using a method described in the previous pdp€he dgoA
mutants were then expresseddncoli CB734 and selected for
growth on glucose-containing minimal salt medium. Due to the
inactivation of all three isozymes of DAHP synthasEscoli
CB734 is unable to biosynthesize its owntyrosine, L-
phenylalanine, and-tryptophan. The evolve®. typhimurium
dgoAplasmid insert irE. coli CB734/pST04-5 allowed growth

Figure 1. Structure of modeled. coli wild-type KDPGal aldolase with
amino acid mutations identified in the KDPGal aldolase mutant
NR8.276-2.

protein structure was rendered with PyM@LLike other type

| aldolases, theée. coli KDPGal aldolase appears to have an
(a/B)s barrel structuré? The E. coli KDPGal aldolase shows
25% amino acid sequence identity and 43% sequence similarity
with E. coli 2-keto-3-deoxy-6-phosphogluconate (KDPG) al-
dolase. A putative active site residue, Lys-126, in Ehecoli

in the absence of aromatic amino acid supplementation afterKDPGal aldolase was identified on the basis of sequence

72 h of incubation at 37C. To further increase KDPGal
aldolase activity toward-erythrose 4-phosphate, three KDPGal
aldolase mutants, EC03-1 (F33l, D58N, Q72H, A75V, V85A,
V154F)4 KP03-3 (110V, E71G, V85A, P106S, V154F, E187D,
Q191H, F196lY, and ST04-5 (D20E, V28M, S42T, 189T,
P150L, D178G), evolved from wild-type. coli, K. pneumoniag
andS. typhimurium dgoArespectively, were shuffled using a
method of single-stranded DNA family shufflid§ Sequencing

a library of 76 random mutants obtained from the DNA shuffling
revealed a crossover rate of approximately 1.4dgAgene
(0.6 kb). The resulting chimeridgoAhybrids were transformed
into E. coli CB734 and selected for a faster growth rate on the
selective medium plates. From a library 031 transform-
ants, no colonies were found which grew significantly faster
than the controlE. coli CB734 expressing the KDPGal aldolase
mutant EC03-1. Plasmids from two of the selected mutants,
NR8.165-2 and NR8.165-4, were purified and sequenced.
Mutant NR8.165-2 is a hybrid d&. typhimuriumand E. coli
KDPGal aldolase with one crossover in the first-@8D base

alignment with theE. coli 2-keto-3-deoxy-6-phosphogluconate
aldolase?® in which Lys-133 has been identified as the Schiff
base-forming lysine residi#8224In KDPGal aldolase, Lys-126

is situated at the bottom of a funnel-shaped pocket created by
the eight loops that connect thfestrains with thea-helices
(Figure 1). Multiple-site-directed mutagenesis was employed
to mutate 12 amino acid residues in the proximity of the putative
active site of thee. coliKDPGal aldolase. Amino acid residues
L61(V), 162(V), L68(T,M,P), T103¥,I,A), V104(T,l,A), C105-
(ST,G), P106(,T,L), C108F), A173F,V,S), L175{), S177-

(T), and Y180F,N,l) in the KDPGal aldolase mutant EC03-1
were mutated using an overlap extension mefiddhese amino
acid residues were mutated to incorporate naturally occurring
variants (shown in italics) found in other putative KDPGal
aldolase orthologues identified using BLAST. Several nonnatu-
rally occurring variants were also generated from the codon
changes. Resulting mutants from the multiple-site-directed
mutagenesis were cloned into vector pTrc99A, transformed into
E. coliCB734, and spread onto selective medium plates. Mutant

pair region. The sequence of NR8.165-4 contains segments fromNR8.276-2 was identified from a library of 2 10° transform-

E. coli, K. pneumoniagandS. typhimuriunsequences with two
crossovers located in the first 12@30 base pair region and

ants that enableH. coli CB734 to grow on the selective medium
plate after 48 h of incubation at 3T, as compared to the 72

470-490 base pair region. The NR8.165-2 and NR8.165-4 were h incubation required foE. coli CB734 expressing the parental

subsequently expressed as N-terminal fusion proteins with
glutathioneStransferase and purified. Neither thg: nor Ky
of NR8.165-2 and NR8.165-4 showed any significant improve-
ment relative to those of the previously obtairtedoli KDPGal

aldolase mutant EC03-1 (Table 1, entries 5 and 6 vs entry 4).

With the observation that error-prone PCR and DNA family
shuffling did not provide KDPGal aldolase with an improved
kealKm, @ new strategy was employed using multiple-site-

directed mutagenesis to further increase the DAHP synthesizing

activity. In the absence of structural information from crystal-
lographic studies, a homology model of wild-tyge coli
KDPGal aldolase was constructed using Swiss-Métldlhe

(18) (a) Crameri, A.; Raillard, S. A.; Bermudez, E.; Stemmer, W. AN&ure
1998 391, 288-291. (b) Schmidt-Dannert, (Biochemistry2001, 40,
13125-13136.

(19) zZha, W.; Zhu, T.; Zhao, HMethods Mol. Biol.2003 231, 91—97.
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aldolase EC03-1. The mutant NR8.276-2 contains one amino
acid mutation (Y180F) and four silent mutations (g519t, a529t,

0530c, and c531g) relative to EC03-1. The distance between
the mutated residue Y180 and the active site residue K126 is
11 A on the basis of the homology model of the wild-type

coli KDPGal aldolase. Compared with the wild-tyfe coli

(20) http://swissmodel.expasy.org//SWISS-MODEL.html.

21) Delano, W. L. The PyMOL molecular graphics system; 2002; http:/
www.pymol.org.

(22) (a) Allard, J.; Grochulski, P.; Sygusch,Broc. Natl. Acad. Sci. U.S.A.

2001, 98, 3679-3684. (b) Lorentzen, E.; Pohl, E.; Zwart, P.; Stark, A.;

Russell, R. B.; Knura, T.; Hensel, R.; Siebers, B.Biol. Chem.2003

278 47253-47260.

(23) Babbitt, P. C.; Mrachko, G. T.; Hasson, M. S.; Huisman, G. W.; Kolter,
R.; Ringe, D.; Petsko, G. A.; Kenyon, G. L.; Gerlt, J. 8ciencel995
267, 1159-1161.

(24) Vlahos, C. J.; Dekker, E. B. Biol. Chem.1988 263 11683-11691.

(25) Ho, S. N.; Hunt, H. D.; Horton, R. M.; Pullen, J. K.; Pease, L.Gene
1989 77, 51-59.
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Table 2. Synthesis of 3-Dehydroshikimic Acid by Various E. coli
Constructs

DHS? DHS
entry  strain/plasmid vector genes in plasmid (glL)  yield® (%)
1 NR7/pNR8.075 pTrc99A Pycdgolec, serA 2.0 0.9
2 NR7/pNR8.288 pTrc99A Py NR8.276-2serA 13 6.5
3 NR7/pNR8.294 pTrc99A PyNR8.276-2serA, 19 9.7
aroB

4 NR7/pNR9.056 pTrc99A PyNR8.276-2serA 13 8.1
PrsaroBot

5 NR7/pNR8.286 pTrc99A PyNR8.276-2serA 16 8.5
tktA

6 NR7/pNR9.088 pTrc99A PyNR8.276-2serA 17 8.7
aroB, tktA

7 NR7/pNR9.127 pJF118HEPNR8.276-2serA 16 7.4
aroB

8 NR7/pKL4.79  pJF118EH PiaroF BR serA 40 18

a Abbreviations: 3-dehydroshikimic acid (DHS), wild-typE. coli
KDPGal aldolasedgoAec). ® Given as (moles of DHS)/(mole of glucose
consumed)x 100.

Table 3. Specific Activities (U/mg) of KDPGal Aldolase (DAHP
Synthesis), 3-Dehydroquinate Synthase, and DAHP Synthase in
Various E. coli Constructs

KDPGal aldolase measured

for DAHP synthesis? DHQ synthase®
entry strain/plasmid 24h 36h 48h 24h 36h 48h
1 NR7/pNR8.075 NDB ND ND 0.015 0.016 0.016
2 NR7/pNR8.288 0.18 0.24 0.21 0.017 0.017 0.016
3 NR7/pNR8.294 0.11 0.12 0.10 0.043 0.039 0.023
4 NR7/pNR9.056 0.18 0.29 0.41 053 092 1.17
5 NR7/pNR9.127 0.17 0.22 0.18 0.027 0.022 0.024
DAHP synthase? DHQ synthase®
entry strain/plasmid 24h 36h 48h 24h 36h 48h
6 NR7/pKL4.79 0.21 0.70 0.28 0.009 0.010 0.011

20ne unit (U) of KDPGal aldolase (DAHP synthesis) corresponds to
formation of 1umol of DAHP per minute at 28C when incubated with
pyruvate and-erythrose 4-phosphateOne unit (U) of 3-dehydroquinate
synthase corresponds to consumption gfiol of DAHP per minute at 25
°C. °ND = not detectabled One unit (U) of DAHP synthase corresponds
to the formation of 1umol of DAHP from phosphoenolpyruvate and

KDPGal aldolase, the evolved mutant NR8.276-2 showed a p-erythrose 4-phosphate per minute at°g%

5-fold increase irkc,s and a 12-fold decrease Ky, resulting
in a 60-fold improvement itk.a/Ky relative to that of the wild-
typeE. colienzyme (Table 1, entry 7 vs entry 1). An additional

DAHP synthesizing specific activity and 3-dehydroquinate
synthase specific activity were measured for cells removed from

round of error-prone PCR was carried out on the aldolase mutantthe fermentor 24, 36, and 48 h after inoculation of the culture

NR8.276-2. No significant improvement was obtained from the
variants produced by error-prone PCR.

Synthesis of 3-Dehydroshikimic Acid inE. coli Using the
Evolved KDPGal Aldolase. E. coli NR7 was previously
constructed fronk. coli KL3 using site-specific chromosomal

medium (Table 3). The DAHP synthesizing specific activity of
the evolved mutant NR8.276-2 remained stable at about 0.20
U/mg throughout the fermentation (Table 3, entry 2). In
comparison, the DAHP synthesizing specific activity of the wild-
typeE. coli KDPGal aldolase was undetectable (Table 3, entry

insertions to inactivate all three chromosomal DAHP synthase 1)- 3-Dehydroquinate synthase specific activities remained

isozymes (Table 4 E. coli KL3 synthesized 3-dehydroshikimic
acid as a result of a mutation in theoE locus encoding

constant at approximately 0.016 U/mg (Table 3, entries 1 and
2) for both E. coli NR7/pNR8.075 and NR7/pNR8.288 over

shikimate dehydrogenase. Synthesis of 3-dehydroshikimic acidthe course of the fermentations.

by E. coli KL3 has been extensively examined and used as a

measure of the amount of carbon flow directed into the
shikimate pathwayb-3b

Due to inactivation of the DAHP synthases, coli NR7/
pNR8.288 (Table 5) relied exclusively on the expression of
plasmid-localized KDPGal aldolase mutant NR8.276-2 for the
synthesis of 3-dehydroshikimic acil. coliNR7 also contains
a second copy of thaeroB gene in itsserAlocus, which encodes
3-phosphoglycerate dehydrogenase. Inactivation of the $¢RY
gene eliminates de novo synthesis o&erine. Therefore,
plasmid pNR8.288 also contains tiserA gene for plasmid
maintenance during cultivation in minimal salt medium lacking

DAHP synthase catalyzes an irreversible condensation of
phosphoenolpyruvate and-erythrose 4-phosphate to form
DAHP and inorganic phosphate. In contrast, KDPGal aldolase
catalyzes a reversible condensation between pyruvate and
D-erythrose 4-phosphate to produce DAHP. The second enzyme
in the shikimate pathway, 3-dehydroquinate synthase, also
catalyzes an irreversible conversion of DAHP to 3-dehydro-
quinate and inorganic phosphate. Therefore, increasing the
activity of 3-dehydroquinate synthase was expected to drive
KDPGal aldolase-catalyzed reversible aldol condensation toward
the formation of DAHP. To evaluate the impact of increased
3-dehydroquinate synthase activities on 3-dehydroshikimic acid

L-serine supplementation. This strategy for plasmid maintenanceSYNthesis, plasmids pNR8.294 and pNR9.056 were constructed
has been successfully applied in previously reported microbial With the evolved KDPGal aldoladeR8.276-2serA andaroB

syntheses of 3-dehydroshikimic adfb26 E. coli NR7/
pNR8.288 was culturedoa 1 Lscale h a 2 Lworking capacity
fermentor at pH 7.0 and 38C in minimal salt medium with

encoding 3-dehydroquinate synthase. Plasmid pNR9.056 dif-
fered from plasmid pNR8.294 in that theroB carried on
plasmid pNR9.056 is expressed under the control of5a

glucose as the carbon source and aromatic amino acid andPromoter in contrast to the natieeoB promoter used in plasmid

aromatic vitamin supplementatio#sGlucose was maintained
at a concentration range of 5310 mM, and dissolved oxygen
was maintained at 20% air saturation. Cultivatiofotoli NR7/

pNR8.288 under these fermentor-controlled conditions re-

sulted in synthesis of 13 g/L 3-dehydroshikimic acid in
6.5% (mol/mol) yield from glucose (Table 2, entry 2). When
cultured under identical condition&. coli NR7/pNR8.075
expressing the wild-typ&. coli KDPGal aldolase synthesized
only 2 g/L 3-dehydroshikimic acid in 0.9% (mol/mol) yield
(Table 2, entry 1).

pNR8.294. Using culture conditions identical to those used for
NR7/pNR8.288,E. coli NR7/pNR8.294 synthesized 19 g/L
3-dehydroshikimic acid in 9.7% (mol/mol) yield from glucose
(Table 2, entry 3) and exhibited an approximate 2-fold increase
in 3-dehydroquinate synthase specific activities relative to those
of E. coliNR7/pNR8.288 (Table 3, entry 3 vs entry B). coli
NR7/pNR9.056 synthesized only 13 g/L 3-dehydroshikimic acid
in 8.1% (mol/mol) yield (Table 2, entry 4) under the same

(26) Li, K.; Mikola, M. R.; Draths, K. M.; Worden, R. M.; Frost, J. W.
Biotechnol. Bioeng1999 64, 61—73.
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cultivation conditions. The 3-dehydroquinate synthase specific vate and the subsequent generation of pyruvate limit the
activity in E. coliNR7/pNR9.056 showed a significant increase theoretical maximal yield to 43% (mol/mol) for biosynthesis
ranging from 31-fold at 24 h to 73-fold at 48 h compared to of 3-dehydroshikimic acid and shikimic acid from glucSsé.
that of E. coli NR7/pNR8.288 (Table 3, entry 4 vs entry 2). 3-Dehydroshikimic acid is the precursor to shikimic acid and
D-Erythrose 4-phosphate is the common substrate shared bythe key hydroaromatic intermediate in the biocatalytic conver-
DAHP synthase and KDPGal aldolase. Previous studies revealedsion of glucose into a variety of industrial chemicals such as
that amplified coexpression dktA-encoded transketolase and  adipic acid® catechol! and vanillinl3 Strategies elaborated to
feedback-insensitive DAHP synthase isozyme ARSHn E. coli increase the availability of phosphoenolpyruvat&ircoli have
KL3 increased the yield of 3-dehydroshikimic acid synthesized peen examined using synthesis of 3-dehydroshikimic acid as a
from glucose by approximately 30%To evaluate the impact  common measure under identical fermentor-controlled cultiva-
of amplified expression of transketolase on the synthesis of tjon conditionstb3E. coli constructs examined in these studies
3-dehydroshikimic acid in ak. coli construct expressing the 5| carried a plasmid-localizearoF8R atktAinsert, and @erA
evolved KDPGal aldolase, plasmid pNR8.286 carmfiRB.276-  |ocys encoding, respectively, a feedback-insensitive DAHP
2, serA andtktA was constructed. Cultlvatl.o.n @&. coliNR7/ _ synthase isozyme, transketolase, and 3-phosphoglycerate de-
PNR8.286 under fermentor-controlled conditions led to synthesis o genase. Fermentor-controlled fed-batch cultivation condi-
of 16 g/L 3-dehydroshikimic acid in 8.5% (mol/mol) yield,  ons \were used to maintain the dissolved oxygen concentration,
representing a 30% increase in yield relative to than(:_oh pH, and glucose concentration throughout the cultivation. The
NR7/pNR8.288 (Table 2, entry 5 vs entry 2). To examine the benchmarke. coli KL3/pKL5.17A with its native PTS-mediated

impact of amplified expression of both transketolase and . i S .
3-dehydroquinate synthase on the synthesis of 3-dehydroshikimic.glucose transport synthesized 49 g/L. 3-dehydroshikimic acid

o i A
acid, plasmid pNR9.088, which carri®&tR8.276-2serA tktA, ErﬁGIﬁg(;leledx(Teosl/sToor? :)rfzmsillejﬁ(c)(s)z::erhtzshh(:;‘;r?(ljtllva:f\?éte
andaroB under the control of its own promoter, was constructed. P P P phosp by

Under the same cultivation conditior, coli NR7/pNR9.088 synthase to increase phosphoenolpyruvate availability was first

produced 17 g/L 3-dehydroshikimic acid in 8.7% (mol/mol) reported by Liao and co-worket3Phosphoenolpyruvate syn-
yield (Table 2, entry 6) thase catalyzes the reaction of pyruvate with ATP to form

phosphoenolpyruvate along with byproducts AMP and inorganic
phosphateE. coli KL3/pJY1.216A, with optimal expression of
phosphoenolpyruvate synthase, synthesized 69 g/L 3-dehy-

Microbial synthesis of 3-dehydroshikimic acid By coli KL3/
pKL4.79, which carried amroFFBR under the control of éac
promoter and a_serA gene in vector pJFL18EH, has bet_en droshikimic acid in 35% (mol/mol) yield from glucose under
previously examineé® Under the fermentor-controlled condi- fermentor-controlled conditiori
tions, E. coli NR7/pKL4.79 synthesized 40 g/L 3-dehy- )
droshikimic acid in 18% (mol/mol) yield from glucose (Table In addition to amplified expression of phosphoenolpyruvate
2, entry 8). The DAHP synthase specific activityEncoli NR7/ synthase, a promising strategy entails the use of PTS-
pKL4.79 increased from 0.21 U/mg at 24 h to 0.70 U/mg at 36 independent glucose transport systems. The alternative glucose
h and then dropped to 0.28 U/mg at 48 h (Table 3, entry 6). In Uptake systems examined include facilitated diffusion mediated
this study, the wild-type KDPGal aldolase and evolved mutants by Z. mobilis glfencoded glucose facilitatband galactose-
examined were expressed under the control tEgromoter ~ proton symport mediated b. coli galP-encoded galactose
in vector pTrc99A. To compare the synthesis of 3-dehy- permeasé.Ingram and co-workers were the first to construct
droshikimic acid using the KDPGal aldolase variant NR8.276-2 anE. coli mutant with its native PTS-mediated glucose transport
with AroFFBR under the same conditiors, coliNR7/pNR9.127 inactivated and replaced by tize mobilis glfencoded glucose
was constructed which containétR8.276-2under the control facilitator and glk-encoded glucose kinadeUtilization of
of atac promoter andaroB andserAin vector pJF118HE. The  heterologously expressed. mobilis glucose facilitator and
vector pJF118HE differs from pJF118EH only in the orientation glucose kinase irkE. coli JY1/pJY2.183A, a derivative OE.
of the multiple-cloning site. When cultured under identical coli KL3 lacking PTS-mediated glucose transport, resulted in
fermentor-controlled condition€. coli NR7/pNR9.127 syn- production of 31 g/L 3-dehydroshikimic acid in 19% (mol/mol)
thesized 16 g/L 3-dehydroshikimic acid in 7.4% (mol/mol) yield yield after 42 h° E. coli JY1/pJY2.183A also produced 9.5
from glucose (Table 2, entry 7). The DAHP synthesizing specific g/L acetate under the glucose-rich fermentation conditions.
activity in E. coliNR7/pNR9.127 remained stable between 0.17 Cultivation of E. coli JY1/pJY2.183A under glucose-limited
and 0.22 U/mg over the course of the fermentations, which was conditions eliminated acetate accumulation and resulted in 60
slightly higher relative to that dE. coliNR7/pNR8.294 (Table g/L 3-dehydroshikimic acid in 34% (mol/mol) yiefd. The
3, entry 5 vs entry 3). impact on 3-dehydroshikimic acid yield B. coli when PTS-
mediated glucose transport is replaced by ¢fa#P-encoded
galactose permease was examined with JY1.3/pKL5.17A. The

Glucose transport mediated by the PTSEincoli competes GalP-utilizing E. coli JY1.3 was isolated by deletion of PTS-
with the shikimate pathway for cellular supply of phospho- mediated glucose transportfi coli KL3 followed by selection
enolpyruvate. One molecule of phosphoenolpyruvate is con- for fast growth on glucose. Recruitment of up-reguleedoli
sumed and one molecule of pyruvate is generated per moleculegalP-encoded galactose permease for glucose transpdgt in
of glucose transported into the cytoplasm and phosphorylated.coli JY1.3/pKL5.17A resulted in synthesis of 60 g/L 3-dehy-
In wild-type E. coli, pyruvate is apparently oxidized via the droshikimic acid in 36% (mol/mol) yield from glucose after an
TCA cycle to carbon dioxide. The competition between the optimal cultivation time of 60 h under the same set of fermentor-
shikimate pathway and the PTS for cellular phosphoenolpyru- controlled conditions? All those results indicate that the cellular

Discussion
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phosphoenolpyruvate availability indeed limited the microbial pression of the KDPGal aldolase variant NR8.276-2 in DAHP
synthesis of shikimate pathway products. synthase-deficiente. coli NR7/pNR8.288 under fed-batch

Evolving KDPGal aldolase to replace DAHP synthas&in  fermentor-controlled conditions produced 13 g/L 3-dehy-
coli provided an alternative strategy to circumvent the competi- droshikimic acid in 6.5% (mol/mol) yield from glucose.
tion for phosphoenolpyruvate. The created shikimate pathway Synthesis of 3-dehydroshikimic acid by way of the created
variant uses pyruvate as a substrate in place of phospho-shikimate pathway variant demonstrated the viability of directed
enolpyruvate. The intracellular concentration of pyruvat&in ~ evolution in creating a novel enzyme and pathway for biosyn-
coli at the exponential phase grown in glucose-containing thesis. The cpncentratlon and y_@ld of 3-deh_ydrosh|k|m|c acid
minimal salt medium under aerobic conditions is approximately were further improved by amplified expression of the down-
1.6 mM, while the phosphoenolpyruvate concentration is about StreamaroB-encoding 3-dehydroquinate synthase. The 3-dehy-
0.1 mM27 Utilization of the more abundant pyruvate as a droquinate synthase catalyzes an irreversible cyclization of
substrate for the shikimate pathway could lead to more carbonDAHP to form 3-dehydroquinaté. E. coli NR7 already
flow into the shikimate pathway. In addition, pyruvate is the expressed increased specific activity of 3-dehydroquinate syn-
byproduct of PTS-mediated glucose transporEincoli. The thase due to insertion of a secoaB gene into its genomic
theoretical maximal molar yield of 3-dehydroshikimic acid SerAlocus® Thus, expression of a plasmid-localiza®B was
synthesized from glucose by this approach is 86%. Furthermore,@xamined inE. coli NR7/pNR8.294 to further increase the
it might be advantageous to utilize this shikimate pathway 3-dehydroquinate synthase activitiz. coli NR7/pNR8.294
variant for microbial synthesis af-tyrosine,L-phenylalanine, ~ exhibited an additional 2-fold increase in 3-dehydroquinate
andL-tryptophan, in which an additional molecule of phospho- Synthase specific activity and synthesized 19 g/L 3-dehy-
enolpyruvate is required to form an intermediate common to droshikimic acid in 9.7% (mol/mol) yield from glucose (Table
the synthesis of all three aromatic amino acids, 5-enolpyru- 2, entry 3 vs entry 2).
vylshikimate 3-phosphate (EPSP). Overexpression dktA-encoded transketolasefn coli strains

Among the three wild-type KDPGal aldolases examined, the €XPressingaroF e~- or aroG™*%-encoded DAHP syntha&e
wild-type E. coli KDPGal aldolase is the most efficient at Was reported to result in an increase in yield of shikimate
condensing pyruvate and-erythrose 4-phosphate to form pathway products. Transketolase catalyzes the reversible transfer
DAHP. However, amplified expression of wild-tyge. coli of a ketol group fromp-xylulose 5-phosphate armterythrose
KDPGal aldolase irE. coli NR7, in which all three DAHP ~ 4-phosphate t@-fructose 6-phosphate ansiglyceraldehyde
synthase isozymes have been inactivated, only synthesized 23-Phosphate in the nonoxidative pentose phosphate pathway.
g/L 3-dehydroshikimic acid from glucose (Table 2, entry 1). Increasing the expression of transketolase presumably increases
Evolving KDPGal aldolase to efficiently synthesize DAHP was the availability ofp-erythrose 4-phosphate for aromatic amino
critical to the creation of a pyruvate-utilizing shikimate pathway. acid biosynthesis. Howevep:erythrose 4-phosphate is prone
The KDPGal aldolase mutant NR8.276-2 was evolved from the t0 dimerization and has never been detected in cell cytoptasm.
wild-type E. coli enzyme via two rounds of error-prone PCR Considering theKy of DAHP synthases forp-erythrose
and one round of DNA shuffling of the best mutants, followed 4-Phosphate, it was hypothesized thagrythrose 4-phosphate
by one round of multiple-site-directed mutagenesis on the Was channeled from the transketolase to DAHP syntffase.
obtained mutant EC03-1. NR8.276-2 contained seven amino acigHence, it is important to note that amplified expression of a
changes from the wild type. Three mutated amino acid residuesPlasmid-localizedktAin E. coliNR7/pNR8.286 expressing the
(V85A, V154F, Y180F) were found in the proximity of the evolved KDPGal aldolase, NR8.276-2, also afforded a 30%
putative active site on the basis of the protein model (Figure inc_rease in t_he concentration and yield of 3-dehydroshikimic
1). With ake of 4.9 s and aky of 49 uM for p-erythrose acid syr_1t_heS|zed from glucose (Table 2, entry 5 vs entry 2).
4-phosphate, NR8.276-2 exhibited a 60-fold improvement in  Amplified expression of the KDPGal aldolase mutant
the ratiokea/K relative to that of thé&. coliwild-type KDPGal ~ NR8.276-2 androB-encoding 3-dehydroquinate synthase from
aldolase (Table 1, entry 7 vs entry 1). Of the thEe€oli DAHP plasm!d vector pTrc99A irE. CO.|I NR7/pNR8.294 and frpm
synthase isozymes, tiagoF-encoded -tyrosine-sensitive DAHP ~ Plasmid vector pJF118HE . coli NR7/pNR9.127 synthesized
synthase has l of 30 st andKy of 81 uM for p-erythrose 19 a_lnd 16 g/L 3-dehydrosh|k|m|c_: acid, regpectlvely (Table 2,
4-phosphaté® The aroG-encodedL-phenylalanine-sensitive ~ €ntries 3 and 7). For comparisof. coli NR7/pKL4.79
DAHP synthase showslaa of 32 st and aKy of 86 uM for expressing a feedback-insensitive DAHP synthase isozyme,
p-erythrose 4-phosphatéand thearoH-encoded. -tryptophan- AroFBR from plasmid vector pJF118EH synthesized 40 g/L
sensitive DAHP synthase exhibitska, of 21 s and aKy of 3-dehydroshikimic acid (Table 2, entry 8). The lower production
354M.30 In comparison with the DAHP synthases, thg value of 3-dehydroshikimic acid by. coli expressing the KDPGal

of the evolved KDPGal aldolase NR8.276-2 is approximately aldolase NR8.276-2 might be attributed to its lower DAHP
the same bukey is still 4-fold to 6-fold lower. synthesizing activity compared with that of taeF5R-encoded

DAHP synthase. The specific activity of the KDPGal aldolase
variant NR8.276-2 remained stablein coli NR7/pNR9.127,
but was lower than the DAHP synthase activitie&ircoli NR7/

With an evolved KDPGal aldolase to efficiently catalyze the
condensation of pyruvate ano-erythrose 4-phosphate, an
alternative shikimate pathway was assembled. Amplified ex-

(31) Carpenter, E. P.; Hawkins, A. R.; Frost, J. W.; Brown, KNature1998

(27) Peng, L.; Shimizu, KEnzyme Microb. TechnoR00§ 38, 512-520. 394, 299-302.

)
(28) Ramilo, C. A.; Evans, J. N. rotein Expression Purifl997 9, 253— (32) Dell, K. A.; Frost, J. W.J. Am. Chem. Sod.993 115 11581-11589.
261. (33) Patnaik, R.; Spitzer, R. G.; Liao, J. Biotechnol. Bioengl995 46, 361—
(29) Howe, D. L.; Duewel, H. S.; Woodard, R. W. Biol. Chem200Q 275 370.
40258-40265. (34) Williams, J. F.; Blackmore, P. F.; Duke, C. C.; MacLeod, J.Iit. J.
(30) Akowski, J. P.; Bauerle, RBiochemistryl1997, 36, 15817-15822. Biochem.198Q 12, 339-344.
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Table 4. Bacterial Strains and Plasmids Used in This Study

strain/plasmid characteristics source
DH5a lacZAM15 hsdR recA Gibco BRL
CB734 C600A(gal-aroG-nadA50 aroF::CniR AaroH::KanR recA Bauerle
AB2834 aroE353 Pittard et at®
NR7 AB2834serA::aroB aroF::Cnf aroH::KanR aroG::TcR Ran et al*
pTrc99A AR, lacIQin pKK233-2, pMBL1 replicon Amann et &l.
pJF118EH AP, lacl in pKK223-3, pMB1 replicon Frste et af®
p34E AR Tsang et af?
pRC1.55B Crh, serAin pSU18 Yi et apP
PMF51A AR, tktAin pBR325 Li et ap®
pQE30 AR Qiagen
pNR6.252 AR, PycdgoAp in pJF118EH Ran et dl.
pNR7.088 AR, PrcdgoAecin pTrc99A Ran et at.
pNR7.120 AR, PycdgoAstin pJF118EH this study
pNR8.075 AR, PycdgoAec, serAin pTrc99A Ran et at.
pNR8.276-2 AP, PycNR8.276-2n pTrc99A this study
pNR8.123 AR, serAin p34E this study
pNR8.146 AR, serA tktAin p34E this study
pNR8.286 AR, Py cNR8.276-2serA, tktAin pTrc99A this study
pNR8.288 AR, PucNR8.276-2serAin pTrc99A this study
pNR8.294 AR, PurcNR8.276-2serA aroBin pTrc99A this study
pNR9.043 AR, PycdgoAcc, serA tktAin pTrc99A this study
pNR9.045 A, PrcdgoAec, serA aroBin pTrc99A this study
pNR9.056 AR, PucNR8.276-2serA PrsaroBorfin pTrc99A this study
pNR9.088 AR, PrcNR8.276-2serA aroB, tktAin pTrc99A this study
pNR9.127 AR, PudNR8.276-2serA aroBin pJF118HE this study
pKL4.79 AR, Pia@roF R serAin pJF118EH Li et afs
pGEX-4T-1 AR, lacl®, P GST Amersham Biosciences
pGEX-dgoAec ApR, dgoAecin pGEX-4-1 this study
pGEX-dgoAp ApR, dgoAp in pGEX-4-1 this study
pGEX-dgoAst ApR, dgoAstin pGEX-4-1 this study
pGEX-ECO03-1 A, EC03-1in pGEX-4-1 this study
pGEX-NR8.165-2 AB, NR8.165-2n pGEX-4-1 this study
pGEX-NR8.165-4 AB, NR8.165-4n pGEX-4-1 this study
pGEX-NR8.276-2 AB, NR8.276-4n pGEX-4-1 this study

pKL4.79 throughout the course of fermentation (Table 3, entry Solid medium was prepared by addition of Difco agar to a final
5 vs entry 6). The hypothesized channeling mérythrose concentration of 1.5% (w/v) to the liquid medium.

4-phosphate between transketolase and DAHP synthase might DNA Manipulations. E. coliDH5a served as the host strain for all
also contribute to the higher production of 3-dehydroshikimic Plasmid constructionsE. coli CB734 was generously provided by
acid by E. coli NR7/pKL4.79. Further improvement of the Professor Ronald Bauerle (University of Vlrglpldj. cpll NR7 was
DAHP synthesizing activity of the KDPGal aldolase mutant is constructed as previously reportednless otherwise indicated, cultures

learl ired f ical ducti f shiki h of E. coli strains were grown at 37C with agitation at 250 rpm.
clearly required for practical production of shikimate pathway Standard protocols were used for construction and analysis of plasmid

products via the created shikimate pathway variant. The pya 35 plasmid DNA was isolated using the Plasmid Maxi Kit (Qiagen,
existence of thio-erythrose 4-phosphate channeling and the valencia, CA), and DNA fragments were isolated from agarose gels
extent of its contribution to DAHP synthesis have yet to be using the DNA Clean & Concentrator Kit (Zymo Research, Orange,
investigated. CA). DNA ligation was performed using the Fast-Link DNA Ligation
Kit (Epicentre, Madison, WI). PCR amplifications were carried out in
a Mastercycler gradient thermal cycler (Eppendorf AG, Hamburg,
Culture Media. All solutions were prepared with distilled, deionized ~ Germany).Taq polymerase, a large fragment of DNA polymerase |
water. LB medium (1 L) contained Bacto tryptone (10 g), Bacto yeast (Klenow fragment), and calf intestinal alkaline phosphatase were
extract (5 g), and NaCl (10 g). M9 salts (1 L) contained®RO, (6 purchased from InvitrogenPfu polymerase was purchased from
g), KH.PQ;, (3 g), NaCl (0.5 g), and NKCI (1 g). The 2 YT medium Stratagenel exonuclease was purchased from New England Biolabs,
(1 L) contained Bacto tryptone (16 g), Bacto yeast extract (10 g), and and DNase | was purchased from Roche Diagnoskcoli strains
NaCl (5 g). M9 minimal medium containastglucose (10 g), MgS© were electroporated using a Bio-Rad GenePulser/Pulse Controller at
(0.12 g), and thiamine hydrochloride (0.001 g)li L of M9 salts. M9 12.5 kV/cm, 25uF, and 200Q. All strains and plasmids used in this
medium (1 L) was supplemented withphenylalanine (0.040 g),  study are listed in Table 4.
L-tyrosine (0.040 g)L-tryptophan (0.040 g)p-hydroxybenzoic acid pNR8.286.A serAtktAcassette liberated from plasmid pNR8.146
(0.010 g), potassiurp-aminobenzoate (0.010 g), and 2,3-dihydroxy- by digestion withXba was inserted into theXbad site of plasmid
benzoic acid (0.010 g). The selective medium for directed evolution PNR8.276-2 to produce the 8.6 kb plasmid pNR8.286. Plasmid
of KDPGal aldolase contained-glucose (10 g), MgS©(0.12 g), pNR8.146 was constructed by ligation ofsarA gene excised from
thiamine hydrochloride (0.001 g);leucine (0.025 g), nicotinic acid ~ plasmid pRC1.55B into the Sma site of plasmid p34& to afford
(0.006 g), and isopropy}-p-thioglucopyranoside (IPTG; 0.05 mM) in

ihinti i i (35) Sambrook, J.; Russell, D. Wiolecular cloning: A laboratory manual
1L of M9 salts. Antibiotics were appropriately added to the following Cold Spring Harbor Laboratory Press: Cold Spring Harbor. NY, 2001.

)
final concentrations: ampicillin (Ap), 5@g/mL; chloramphenicol (Cm),  (36) Pittard, J.; Wallace, B. J. Bacteriol. 1966 92, 1070-1075.
20 ug/mL; kanamycin (Kan), 5@g/mL. Antibiotics, IPTG, thiamine, (37; Amann, E.; Ochs, B.; Abel, K. 5enel988 69, 301-315.
)

Experimental Section

= . . . . 38) Fuste, J. P.; Pansegrau, W.; Frank, R.:d&er, H.; Scholz, P.; Bagdasarian,
nicotinic acid,L-phenylalaninel-tyrosine L-tryptophan, and-leucine ( M. Lanka, E.Geneglgsﬁ 48, 119-131. g

solutions were sterilized through 0.28h membranes prior to addition.  (39) Tsang, T.; Copeland, V.; Bowden, G. BioTechnique<991, 10, 330.
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Table 5. Restriction Enzyme Maps of Plasmids

plasmid (size)

plasmid map®

PNR8.286 X ©»__B " X

(8.6 kb) —

ApR lacI® Py NR8.276-2  tktA serA
X
PNRS.288 @ ©__8 &
(6.4 kb) — S ——
Apt lacI® Pyc NR8.276-2  serA

NRS8.294 (II-I) (]'\]) ]'3 (?0 (]'-I)
p ) — — —

(8.1kb)

ApR lacI® Py NR8.276-2  serA aroB
X
PNR9.043 X ©_2 " |
(8.6 kb) —
ApR lacIQ Py dgoAge tktA serA
pNR9.045 (}l{) (I'\I) ]'3 (?() q{)
(8.1kb) —_— —
ApR lacIQ Py dgoAgc serA aroB
X) B H
PNR9.056 H ® B & E .
(7.8 kb) —
ApR lacIQ Py NR8.276-2  serA  Pps  aroB
S H B S S
pNR9.127 L A L : |
9.2 kb - - -

( ) ApR lacl?  Pyuc NR8.276-2  serA aroB
pKL4.79 i i " e
(8.3kb) ——

ApR lacI? Pye arofFBR serA

a Restriction enzyme sites are abbreviated as follows= Xba, B = BarrHI, E = Ecdrl, H = Hindlll, N = Ncd, S = SpH, Sm= Smad. Parentheses
indicate that the designated restriction site has been eliminated. Lightface lines indicate vector DNA, and boldface lines indicate insert DNA.

plasmid pNR8.123, followed by insertion of thi¢Alocus excised from
plasmid pMF5148 into the BanHI site of the plasmid pNR8.123.
Plasmid pNR8.276-2 contains the evolvdgoA mutantNR8.276-2
located downstream of thec promoter of vector pTrc99A. Transcrip-
tion of serAis in the opposite direction compared with that of the
promoter.

pNR8.288A 1.6 kb DNA fragment encodingerAwas excised from
plasmid pRC1.55B by digestion witBmd. Plasmid pNR8.276-2 was
digested withiXba, and the overhanging ends were blunted by treatment
with the Klenow fragment. Subsequent ligation of the 1.6dd1A
fragment into pNR8.276-2 previously digested witha afforded the
6.4 kb plasmid pNR8.288. Transcription sérAis in the opposite
direction compared with that of thiec promoter.

pNR8.294A 1.7 kb DNA fragment encoding tharoB gene was
excised from plasmid pKL3.82by digestion withEcoRI and treated
with the Klenow fragment. Ligation of tharoB locus to pNR8.288,
which was previously digested wittindlll and treated with the Klenow
fragment, afforded the 8.1 kb plasmid pNR8.294. HreB gene is
transcribed in the opposite direction compared WitR8.276-2

pNR9.043A 0.6 kb DNA fragment encoding the wild-tye. coli
dgoA gene was amplified fronfe. coli W3110 genomic DNA using
Pfu polymerase and the following primers!-6TCACTCGTCTG\-
CATGCAGTGGCAAACTAA and 5CTCAGTCGTCTQAGATCCT-
CATTGCACTGCCTCTCG. ThedgoA fragment was digested with
Esl and ligated into vector pTrc99A previously digested whitbd
andBanHl| to afford the 4.8 kb plasmid pNR9.042. THgoAlocus is
oriented in the same direction as ttie promoter. A 3.8 kbserAtktA
cassette was liberated by digestion of plasmid pNR8.146 XfiH.
This fragment was ligated to plasmid pNR9.042 previously digested
with Xba to afford pNR9.043.

pNR9.045A 1.6 kbserAgene was excised from plasmid pNR8.123
by digestion withXbal. Ligation of theserAlocus to plasmid pNR9.042
that had been digested wikba afforded the 6.4 kb plasmid pNR9.044.
The serAgene is transcribed in the opposite direction compared with
E. coli dgoA An aroB fragment was liberated from plasmid pKL3282
by digestion withEcoRl and subsequently treated with the Klenow
fragment. ThearoB gene was ligated into plasmid pNR9.044 previously
digested withHindIIl and treated with the Klenow fragment to afford
the plasmid pNR9.045.

pPNR9.056A 1.1 kb DNA fragment encoding theroB open reading
frame was amplified fronE. coli W3110 genomic DNA usingPfu
polymerase and the following primers!-6GGATCATGGAGAG-
GATTGTCGTTACTCT and 5AGTCTGCAG TACGCTGATTGA-
CAATCGG. The amplifiedaroB fragment was digested witBanH|
andPst and subsequently ligated into vector pQE30 previously digested
with BanHI and Pst to afford plasmid pNR9.040. TharoB locus is
transcribed in the same orientation as Tfepromoter. ThePrsaroB
fragment was excised from pNR9.040 by digestion withd and
Hindlll. Subsequent ligation dPrsaroB into the Sal —Hindlll site of
pNR8.288 yielded the 7.8 kb plasmid pNR9.056 in whichRhgroB
fragment is transcribed in the same direction as digeA variant
NR8.276-2

pNR9.127.A 3.9 kb DNA fragment containing thé\R8.276-
2serAaroBcassette was amplified from plasmid pNR8.294 using a
mixture of Pfu and Tag polymerase (1:1) and the following primers:
5-TGAAGGAAGCTRATGCAGTGGCAAACTAAACTC and 5T-
TGAACGTCGAOTCTCTCATCCGCCAAAACA. The PCR product
was digested withdindlll and Sal, and the liberated 2.2 kb fragment
containing theNR8.276-2serAassette was ligated into théindlll —
Sal site of vector pJF118HE to yield plasmid pNR9.126. Subsequent
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ligation of the liberated 1.7 khroB locus into theSal site of pPNR9.126 the following primers: 5CGOGGATCATGCAGTGGCAAACTAAA
afforded the 9.2 kb plasmid pNR9.127. TheB gene is transcribed and 3-TCTCCCGGGCATTGCACTGCCTCTCG. The nativeK.
in the opposite direction compared with tHgoAvariantNR8.276-2 pneumoniae dgoAgene was amplified from pNR6.252vith the
Multiple-Site-Directed Mutagenesis. Multiple-site-directed mu-  following primers: 5CGOGGATCAATGCAGTGGCAAACTAAC
tagenesis of thE. coliKDPGal aldolase mutant EC03-1 was performed and 3- TCTCCCGGG CATTGCACTGCCTCTCG. The natives.
by an overlap extension method that included two rounds of P@R.  typhimurium dgoAwas amplified from plasmid pNR7.120 with the
total of 12 amino acid residues, L61, 162, L68, T103, V104, C105, following primers: 5-CGOGGATCAATGCAGTGGCAAACTAAT
P106, C108, A173, L175, S177, and Y180, in the KDPGal aldolase and 3- TCTCCCGGACATTGCACTGCCTCTCG. ThelgoAmutant
mutant EC03-1 were mutated. In the first round of PCR amplification, NR8.165-2vas amplified from plasmid pNR8.165-2 with the following
four DNA fragments encompassing the entire protein coding regions primers: 5-CGOGGATCATGCAGTGGCAAACTAAT and 3-
of the EC03-1sequence were amplified. The oligonucleotide primers TCTCCCGGGECATTGCACTGCCTCTCG. The evolvedgoAvariant
for amplifying the first region were '8SGTCACTCGTCTAACATG- NR8.165-4vas amplified from plasmid pNR8.165-4 using the following
CAGTGGCAAACTAA and 3-CGCCTTGTTGCCGTACG. The primer ~ primers:  3-CGCGGATCAGTGGCAAACTAAACTC and 5-
pairs used for amplifying the second, the third, and the fourth fragments TCTCCCGGECATTGCACTGCCTCTCG. The PCR products were
each contained one flanking primer that hybridized at one end of the digested withBanHI and Smd and ligated into vector pGEX-4T-1
ECO03-1sequence and one mutagenetic primer. The primers for amplify- (Amersham Biosciences) previously digested vénmHI and Sma
ing the second region werd-EGTACGGCAACAAGGCGKTGRT- to afford the corresponding plasmids pGEX-dgeApGEX-ECO03-1,

TGGCGCAGGTACGGTAMYGAAACCTGAACATGTCGA and 5 PGEX-NR8.276-2, pGEX-dgog, pGEX-dgoAsr, pPGEX-NR8.165-2,
CATGCCGTAGCCTACCG. Oligonucleotide primers-6GGTAG- and pGEX-NR8.165-4, respectively.
GCTACGGCATGRYCRYCDSCMYCGGCTKCGCGACAG- The plasmids containing wild-type and evolvddoAwere trans-

CGACCGAAGC and 5CCCTGCACAACCTGCGT were used to  formed intoE. coli BL21 competent cells and were cultureda L of
amplify the third fragment, and the last fragment was amplified using 2x YT medium containing ampicillin (5@g/mL) at 37°C. When the
primers 3ACGCAGGTTGTGCAGGGKYTGGCKTAGGCWCGG- culture reached an Qi of 0.6, gene expression was induced by
ATCTCWWTCGCGCCGGGCAATCCGT and &TCAGTCGTCT- addition of IPTG to a final concentration of 1 mM. The culture was
CAGATCCTCATTGCACTGCCTCTCG. The four DNA fragments  shaken for an additiom@ h at 37°C. E. coli cells were recovered by
generated in the first PCR were purified, pooled, and used as templatescentrifugation at 4009for 20 min, and the pelleted cells were washed
as well as primers in the subsequent amplification reaction to recover once with 0.9% NaCl and resuspended in 40 mL ef BBS buffer

the entiredgoA sequence. The desired 0.6 kb PCR fragment was (1.4 mM NacCl, 27 mM KCI, 100 mM NgHPQy, 18 mM KHPO;, pH
digested withEsBl and ligated into the pTrc99A vector that was 7.3) containing 1 mM PMSF. The cells were lysed by two passages
previously digested witiEcoRl and BanHI. The resulting plasmids through a French pressure cell at 16000 psi, and the cell debris was
were transformed by electroporation irfo coli CB734 electrocom- removed by centrifugation at 480§€r 20 min at 4°C. The glutathione
petent cells. The library size was estimated as 20° transformants. Stransferase-tagged KDPGal aldolases were purified using a glu-
Approximately 100 colonies grew up on the selective medium after tathione-Sepharose 4B resin column provided in bulk GST purification
incubation at 37C for a period of approximately 480 h. From these modules (Amersham Biosciences).

colonies, the fastest-growing colony was selected and the encdglify Kinetic parameters for the glutathioSdransferase-tagged KDPGal
mutantNR8.276-2was characterized. aldolases were determined by measuring DAHP formation using the
Enzyme Assays and Enzyme Kinetics2-Keto-3-deoxy-6-phos- KDPGal aldolase assay described previodskhe reaction (1 mL)

phogalactonate aldoladeDAHP synthasé? 3-dehydroquinate syn- contained morpholinepropanesulfonic acid (MOPS) buffer (50 mM, pH
thasel! and transketolade were assayed according to procedures 7.5), 50uM CoCl, 10 uM NAD, b-erythrose 4-phosphate, 2 mM
described previously. Cells were collected by centrifugation at ¢000 pyruvate 1 U of 3-dehydroquinate synthask U of 3-dehydroquinate
and 4 °C. Harvested cells were resuspended in buffer containing dehydratase, and wild-type or evolved KDPGal aldolase. The concen-
potassium phosphate (20 mM, pH 7.5) and phenylmethylsulfonyl tration of b-erythrose 4-phosphate ranged from 0.02 to 2 mM. The
fluoride (PMSF; 1 mM) for assay of 2-keto-3-deoxy-6-phosphogalac- reaction was initiated by addition of purified aldolase to the assay
tonate aldolase and 3-dehydroquinate synthase. Harvested cells wergolution, and the absorbance at 234 nm was monitored continuously
resuspended in buffer containing potassium phosphate (50 mM, pH for 5 min. One unit of aldolase catalyzes the formation gimol of
7.0), CoC} (0.05 mM), and potassium phosphoenolpyruvate (10 mM) 3-dehydroshikimatee(= 1.19 x 10* M~* cm™) per minute at 25C.
for assay of DAHP synthase and in buffer containing potassium The Ky andk..: were derived using the nonlinear regression program
phosphate (50 mM, pH 7.4), Mg&(1 mM), and dithiothreitol (DTT; of Prism 4 (GraphPad Software, San Diego, CA) based on the
0.2 mM) for assay of transketolase. The harvested cells in appropriate Michaelis-Menton equation. The resulting curves represent best-fit
buffers were disrupted by two passages through a French pressure celvalues for the data. The proteins were assayed side by side under
(16000 psi). Cellular debris was removed by centrifugation at 4§000 identical conditions.
for 20 min. Protein concentrations were determined using the Bradford  Fed-Batch Fermentation.Glucose-rich fed-batch fermentation was
dye-binding method. Protein assay solution was purchased from Bio- performed in a 2.0 L working capacity B. Braun M2 culture vessel.
Rad. Protein concentrations were determined by comparison to aThe fermentation medium was prepared as previously rep8tfEue
standard curve prepared using bovine serum albumin. UV kinetic assaysinitial glucose concentration in the fermentation medium was 20 g/L.
were performed on a Hewlett-Packard 8452A UV/vis spectrophotom- The temperature, pH, and dissolvegii@re controlled with proportional-
eter. integral-derivative (PID) control loops. The temperature was maintained
The kinetics of wild-type and evolved KDPGal aldolases were at 36°C, and the pH was maintained at 7.0 by addition of concentrated
measured as follows. The natie coli dgoAand the evolvedC03-1 NH4OH or 2 N SO The pQ was monitored using a Mettler-Toledo
andNR8.276-2were amplified from plasmids pNR7.08§EC03-14 12 mm sterilizable @sensor fitted with an Ingold A-type £permeable

and pNR8.276-2, respectively, under standard PCR conditions usingmembrane and maintained at 20% air saturation. Antifoam 204 (Sigma)
was added as needed.

(40) Schoner, R.; Herrmann, K. M. Biol. Chem.1976 251, 5440-5447. An inoculant was prepared by introducing a single colony oEan

(41) EgzLZJS- \1/1\2;75_822%, J. L.; Kadonaga, J. T.; Knowles, BiBchemistry coli strain into a sterile test tube containing 5 mL of M9 medium. The

(42) Paoletti, F.; Williams, J. F.; Horecker, B. Anal. Biochem1979 95, 250 culture was grown at 37C with agitation at 250 rpm for 1824 h and
253. then transferred to a 500 mL shake flask containing 100 mL of M9
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medium. The culture was grown at 3T with agitation for 16-12 h fermentation broth with water followed by measurement of absorption
until an ODy in the range of 1.52.5 was reached. The culture was at 600 nm (O@). The dry cell weight (g/L) was calculated using a
then transferred to the fermentor to initiate the fermentation. Three- conversion coefficient of 0.43 (g/L)/Qf&

staged methods were used to maintain the 20% air saturation The concentration of 3-dehydroshikimic acid was determinetHby
during the course of the fermentation. With the airflow at an initial NMR as follows. E. coli cells were removed by centrifugation, and
setting of 0.06 L/min, the p©was maintained at 20% air saturation  {he supernatant containing 3-dehydroshikimic acid was concentrated
by increasing _the impeller speed frqm its |n|t|al set value of 50 rpm to 4 dryness under reduced pressure, concentrated to dryness one
a preset maximum of 750 rpm. With the impeller speed constant at 4qgitional time from RO, and finally dissolved in BD containing 10

750 rpm,the mass flow cqntrollerthen malntz_suned th@lppncre_asmg mM sodium salt of 3-(trimethylsilyl)propionie;2,3,3-d. acid (TSP;

the airflow from 0.06 L/min to a preset maximum of 1.0 L/min. After | ancaster Synthetic Inc.). The concentration of 3-dehydroshikimic acid
the preset maxima of 750 rpm and 1.0 L/min were reached, the third was determined by comparison of the integral corresponding to

stage of the fermentation was initiated ir_l yvhich glucpse_(65%, wiv) 3-dehydroshikimic acidq 4.28, d, 1H) with the integral corresponding
was added to the vessel at a rate sufficient to maintain a glucoseto TSP 6 0.0, s, 9H) in'H NMR. A response factor of 0.95 was

Zg?lcentratlon m_tk;e_ rarc;getoi ioal(_)/g/_L for tgeﬂ:enjamdlzler of the (rjun. determined by using an authentic 3-dehydroshikimic acid standard for
irfow was maintained at L. min, an € IMpelier speed was ., \vr analysis. All'H NMR spectra were recorded on a Varian

allowed to vary to maintain the p@t 20% air saturation. The impeller
. ) . : VXR-300 FT-NMR t ter (300 MHz).
speed typically varied from 750 to 2000 rpm during the remainder of 00 spectrometer (30 2)

the run. When 12 h of fermentation had passed since inoculation, IPTG Acknowledgment. This research was supported by a grant
(23.8 mg) was added ewe6 h until the end of the run. The only from the National Ilnstitutes of Health
exception was wheg. coli NR7/pKL4.79 was cultured. In that case, '

4.8 mg of IPTG was added using the same condition regimen described
above?® The E. coli cell density was determined by dilution of the  JA067330P
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