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Phosphoenolpyruvate is a substrate for the first committed step Scheme 1 &b

in the shikimate pathway (Scheme 1) and is also used by the OH
carbohydrate phosphotransferase (PTS) system for microbial trans- H2°3P°\/'\i/§o
port and phosphorylation of glucoiélhe resulting competition o E4pOH OPO,
between the shikimate pathway and PTS-mediated glucose transport  H:0P0" Y S0 | K COM ,{ ),\ /‘co H
for cytoplasmic supplies of phosphoenolpyruvate limits the con- GspOH . a b -
centrations and yields of natural products microbially synthesized a “ pyruvate HO, ,CO,H Phosphoencipyruvate
by way of the shikimate pathway. This account explores whether HO,CO-H ?
pyruvate can replace phosphoenolpyruvate in an enzyme-catalyzed ﬁ H,0,P0 &n OHC Ho. O
condensation wittb-erythrose 4-phosphate to form 3-deaxy- H,04P0 OH DAHP TN
arabino-heptulosonate 7-phosphate (DAHP, Scheme 1). The cen- KDPGal Q
terpiece of the successful creation of this shikimate pathway variant ) COH CO,H ‘d/o OH on
is the directed evolution of 2-keto-3-deoxy-6-phosphogalactonate arﬁ?ﬁ? :ttzli%s - e 3-dehydroquinate
(KDPGal, Scheme 1) aldolase. aomatic | HO“ Y oh o A oH

By catalyzing the reversible cleavage of KDPGal to pyruvate vitamins OH OH
and p-glyceraldehyde 3-phosphate (G3P, Scheme 1), KDPGal shikimate  3-dehydroshikimate
aldolase enableEscherichia colito usep-galactonate as a sole aMetabolites: G3Pp-glyceraldehyde 3-phosphate; E4Rerythrose

carbon sourcé KDPGal aldolase fronPseudomonas cepaches 4-ph0§Pha;]8; |§DIF’Ga|, %—ke;o—?]—deor)](yig—zphosphOgalaCtonate; DAI'IL%SSEIOXV-
been reported to catalyze the condensation of pyruvate with v_arlouszlgé?as'gcagi%? ?bsiolgiflp S‘;nfﬁgss e(roE,Z);rrr:)eGs, (aggrl-‘)?s()c.) éizlehy dm_a
aldehydes including-erythrose® To explore the catalytic activity quinate synthaseafoB); (d) 3-dehydroquinate dehydratasarqD); (e)
of KDPGal aldolase toward phosphorylate@rythrose 4-phosphate  shikimate dehydrogenasar¢E).
(E4P, Scheme 1)E. coli dgoAencoded KDPGal aldolase was
overexpresssed, partially purified, and incubated with pyruvate,
p-erythrose 4-phosphate, 3-dehydroquinate synthase, and 3-dehy-entry construct M@ MO Ff FYC FYWe  FYWir
droquinate dehydratase. Formation of 3-dehydroshikimate in 90% 1 E. coliCB734 4 _ _ _ te
yield established the ability of KDPGal aldolase to catalyze the 2 CB734/pNR7.088 — - -
reaction of pyruvate witb-erythrose 4-phosphate as well as the 3~ CB734/pNR6.252 - - —
I . . . . 4 CB734/pKP01 - - +
ability of 3-_dehydroqumate synthase to drive thl_s reaction nearly g CB734/pKP02 _ I i
to completion. Dehydratase-catalyzed dehydration of 3-dehydro- ¢ CB734/pKP03 + + +
quinate provides in product 3-dehydroshikimate a chromophore
suitable for continuous spectrophotometric assay. aContained 0.05 mM IPTG? Contained 0.2 mM IPTGE Supplements

. ~ : added to M9 medium containing 0.2 mM IPTG included: Liphenylala-
With KDPGal aldolase-catalyzed condensation of pyruvate and . e: Y, L-tyrosine; W.L-tryptophan; vitp-aminobenzoatay hydroxyben-

D-erythrose 4-phosphate established in vitro, attention turned to zoate, 2,3-dihydroxybenzoatéNo growth (). € Growth (). T All native
gauging the impact of this activity i&. coli CB734, which lacks and evolvedK. pneumoniae dgoAgenes were inserted into plasmid
all isozymes of DAHP synthageGrowth of E. coli CB734 on pJF118EH with transcription controlled byPesc promoter. All native and
- . . . . evolved E. coli dgoAgenes were inserted into plasmid pTrc99A with

glucose-containing minimal salts medium required supplementation {anscription controlled by &yc promoter.
with L-phenylalaninel-tyrosine,L-tryptophan, and aromatic vita-
mins (entry 1, Table 1)E. coliCB734/pNR7.088 with its plasmid-  to the mutantigoAplasmid insert in CB734/pKP02 (entry 5, Table
encodecE. coli dgoAwas able to biosynthesize its own aromatic 1) that enabled this construct to grow in the absence of aromatic
vitamins (entry 2, Table 1). Plasmid-encodédbsiella pneumoniae amino acid supplements. Subsequent gene shuffling gave the
dgoAafforded a 4-fold higher KDPGal aldolase specific activity evolveddgoA plasmid insert in CB734/pKP03 (entry 6, Table 1)
in E. coli CB734/pNR6.252 relative to plasmid-encodgd coli that facilitated growth in the absence of aromatic amino acid
dgoA in E. coli CB734/pNR7.088 (Table 2)E. coli CB734/ supplements when evolved KDPGal aldolase expression was
pNR6.252 was able to provide for its own aromatic vitamin and reduced by lowering IPTG concentrations.
L-tryptophan requirements (entry 3, Table 1). The seven most activ€. pneumoniaamutants and the seven

K. pneumoniae dgoAndE. coli dgoAwere subjected to two most activeE. coli mutants were selected for characterization. Each
rounds of error-prone PCR mutagenédilowed by one round mutant contained 49 amino acid substitutions. No insertion or
of DNA shuffling.¢ CB734/pKPO01 (entry 4, Table 1), which carried  deletion mutants were found. Two amino acid substitutions (V85A,
a mutantdgoAplasmid insert resulting from the first round of PCR  V154F) were observed in all of the examingdpneumoniae dgoA
mutagenesis performed on tke pneumoniae dgoplasmid insert and E. coli dgoAmutants. KP03-3, the most active evolvkd
in E. coli CB734/pNR6.252, required onlyphenylalanine supple-  pneumoniaeKDPGal aldolase, showed a 4-fold higher DAHP
mentation for growth. The second round of PCR mutagenesis led formation specific activity and a 30-fold lower KDPGal cleavage

Table 1. Directed Evolution of KDPGal Aldolase (DgoA)

e+
A+
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Table 2. Specific Activities of Native and Evolved DgoA Isozymes

DAHP KDPGal
enzyme description assay? assay?

K. pneumonia®goA native enzyme 0.29 7™
KPO03-3 110V, E71G, V85A, 1.30 2.6

P106S, V154F, E187D,
Q191H, F196I

E. coliDgoA native enzyme 0.088 6.7
ECO03-1 F33I, D58N, Q72E, 0.56 1.

AT75V, V85A, V154F

a Specific activity is defined as units of enzyme activity per mg of protein
in crude cell lysate. One unit of activity oneumol of DAHP formed or
KDPGal cleaved per minute. See Suporting Information for assay protocols.
Crude cell lysates were prepared froPE. coli CB734/pNR6.252;°E.
coli CB734/pKP03-3;9 E. coli CB734/pNR7.088;¢ E. coli CB734/pEC03-

1. See Supporting Information for full descriptions of these plasmids.
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Figure 1. Growth in the absence of aromatic supplements in glucose-
containing minimal salts medium under shake-flask conditighscoli
CB734/pNR7.126 expressing native AFSR (squares)E. coli CB734/
PECO03-1 expressing evolvéd coli DgoA (circles);E. coliCB734/pKP03-3
expressing evolve&. pneumoniaddgoA (triangles).

specific activity relative to nativ&. pneumonia&KDPGal aldolase
(Table 2). EC03-1, the most active evolMedcoli KDPGal aldolase,
exhibited an 8-fold higher DAHP formation specific activity and a
7-fold reduced KDPGal cleavage specific activity relative to the
native E. coli KDPGal aldolase (Table 2).

Constructs expressing evolvddoAwere examined for growth
rates and synthesis of 3-dehydroshikim&ecoli CB734/pEC03-1
andE. coli CB734/pKP03-3 were completely dependent on plasmid-
encoded, evolved DgoA isozymes EC03-1 and KP03-3, respec-
tively, for the formation of DAHPE. coli CB734/pNR7.126 relied
on plasmid-encoded, feedback-insensitive Af&Ffor DAHP
synthase activity. When cultured under identical conditions where
growth was dependent on de novo synthesis of aromatic amino
acids and aromatic vitaming,. coli CB734/pECO03-1 anét. coli
CB734/pKP03-3 entered the logarithmic phases of their growths
12 and 36 h, respectively, later th&h coli CB734/pNR7.126
(Figure 1).

Synthesis of 3-dehydroshikimate employedcoli NR7, which
was constructed fror&. coli KL3 using site-specific chromosomal
insertions to inactivate all DAHP synthase isozyniescoli KL3
has been extensively used in studiexamining the impact of
phosphoenolpyruvate availability on the synthesis of 3-dehydro-
shikimate. Constructs were cultured under identical fermentor-
controlled conditionskE. coli NR7/pKP03-3serA synthesized 8.3

g/L of 3-dehydroshikimate in 48 h in 5% yield from glucose. Only
a trace amount of 3-dehydroshikimate was synthesized by NR7/
pNR8.074, which expressed plasmid-encoded, nétiymeumoniae
dgoA E. coli NR7/pECO03-1serA synthesized 12 g/L of 3-dehy-
droshikimate in 5% yield from glucose. For comparison, 2.0 g/L
of 3-dehydroshikimate was synthesized in 0.9% yieldEbycoli
NR7/pNR8.075, which expressed plasmid-encoded, n&iveli
dgoA

With evolved KDPGal aldolase, the first reaction in the shikimate
pathway can consume the pyruvate byproduct instead of competing
for the phosphoenolpyruvate substrate required by PTS-mediated
glucose transpoft.This constitutes a fundamental departure from
all previous strategies employed to increase phosphoenolpyruvate
availability in microbe$.Beyond increasing the maximum theoreti-
cal yield for 3-dehydroshikimate synthesis from 43 to 86% (mol/
mol),’2a shikimate pathway variant based on condensation of py-
ruvate withp-erythrose 4-phosphate may be important as a theo-
retical construct. Growth environments can be envisioned where
minimizing expenditure of phosphoenolpyruvate by the shikimate
pathway might be a metabolic advantage. The shikimate pathway
variant outlined in this account may thus serve as a model of a
naturally occurring aromatic biosynthetic pathway that remains to
be discovered.
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