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A bacterial selection for the directed evolution of pyruvate aldolases
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Abstract—A novel bacterial in vivo selection for pyruvate aldolase activity is described. Pyruvate kinase deficient cells, which lack
the ability to biosynthetically generate pyruvate, require supplementation of exogenous pyruvate when grown on ribose. Supple-
mentation with pyruvate concentrations as low as 50lM rescues cell growth. A known substrate of the KDPG aldolases, 2-keto-4-
hydroxy-4-(20-pyridyl)butyrate (KHPB), also rescues cell growth, consistent with retroaldol cleavage by KDPG aldolase and rescue
through pyruvate release. An initial round of selection against 2-keto-4-hydroxyoctonate (KHO), a nonsubstrate for wild-type
aldolase, produced three mutants with intriguing alterations in protein sequence. This selection system allows rapid screening of
mutant enzyme libraries and facilitates the discovery of enzymes with novel substrate specificities.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The development of enzymes with novel, predetermined
activities remains a major challenge in chemical biology.
Relationships between the primary amino acid sequence
and the behavior of the corresponding folded protein,
including properties such as substrate specificity, level of
stereochemical discrimination, and rate of turnover,
remain obscure. ‘Directed evolution’, a process in which
a predetermined phenotype is selected from a library of
random genotypes, obviates the need for a priori
knowledge of structure–activity relationships and has
emerged as a powerful tool both for the creation of
useful proteins and the study of structure–function
relationships in protein catalysis.1–8 The process involves
three steps: the generation of diversity through random
mutagenesis, the evaluation of diversity through
screening or selection for the desired function, and the
recovery and detailed characterization of the mutants.
When these steps are done in a recursive fashion,
the protein can be rapidly optimized toward the phe-
notype of interest. Evolutionary approaches have been
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used to prepare enzymes with novel substrate specifici-
ties,9–12 regioselectivities,13 enantioselectivities,14 ther-
mostabilities,15 and increased activities in organic
solvents.16;17

Random incorporation of point mutations and random
recombination of homologous genes, the two funda-
mental strategies used for the creation of genetic diver-
sity, broadly mimic the evolutionary process in asexual
and sexual evolution, respectively. Error-prone PCR
produces genetic diversity through the random incor-
poration of point mutations.18–22 While random muta-
genesis accumulates favorable point mutations over
several rounds of mutagenesis, it also introduces
deleterious mutations––presumably at a rate greater
than that for incorporation of favorable mutations––
that are carried through subsequent rounds of mutation
and selection. The familiar ‘M€ullers ratchet’ paradox
of population biology is alleviated by in vitro recombi-
nation processes that provide a mechanism for the
excision of unfavorable mutations. Commonly utilized
strategies include DNA shuffling,23;24 staggered exten-
sion process (StEP),25 and iterative truncation
(ITCHY).26;27

Whereas several strategies for the creation of large
diversity libraries exist, methods for selection of a de-
sired phenotype from libraries of as many as 1010

members remains the major challenge of evolutionary
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Scheme 2. General synthetic activity of KDPG aldolases. Electrophilic

substrates include 2-pyridine carboxaldehyde (R¼ pyridine), lactalde-

hyde (R¼CH2OHCH3), and glyceraldehyde (R¼CH2OHCH2OH).

Nonreactive compounds, such as benzaldehyde (R¼ phenyl) and val-

eraldehyde (R¼ n-butyl), lack polar functionality at C2 and C3.32

Scheme 1. KDPG aldolase reversibly cleaves KDPG into DD-glyceraldehyde 3-phosphate and pyruvate as part of the Entner–Doudoroff pathway.
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approaches.8;28;29 One of two general strategies for
the identification of efficacious mutants is typically
employed. In a screening strategy each library member is
examined for the desired trait. The individual exami-
nation of distinct proteins limits the library size that can
be evaluated to roughly 104 members. A facilitated (or
in vivo screen couples the desired activity to an event
detectable directly in cells, without the requirement for
protein isolation. Such approaches typically make use of
fluorogenic or chromogenic substrates, and extend the
library size that can be evaluated to approximately 108.29

In a selection strategy, enzyme efficacy is coupled to host
survival, and desirable phenotypes are thus the
only mutations observed. Selection strategies are more
difficult to develop than screens, but allow for the
evaluation of much larger libraries, perhaps as large as
1010.

2-Keto-3-deoxy-6-phosphogluconate (KDPG) aldolases
are enzymes of demonstrated utility for the synthesis of
various natural products.30–32 In vivo, these enzymes
function in the Entner–Doudoroff glycolytic pathway to
catalyze the reversible retro-aldol cleavage of KDPG to
pyruvate and glyceraldehyde 3-phosphate (Scheme 1).33

As synthetic catalysts, KDPG aldolases provide substi-
tuted 2-keto-4-hydroxybutyrates with the S-configura-
tion at the newly formed stereogenic carbon.31 The
enzymes show limited substrate tolerance with regard to
the electrophilic component, primarily requiring a polar
functionality at C2 or C3 (Scheme 2). KDPG aldolases
typically have higher specificity for the nucleophilic
component, accepting only oxobutyrate, and fluoro-
pyruvate in addition to the natural substrate. To extend
the synthetic utility and better understand the structural
basis of substrate specificity in KDPG aldolases, we
have initiated directed evolution studies of the Esche-
richia coli and Thermotoga maritima KDPG aldolases.
Previous directed evolution efforts have used a screen
based on the coupled oxidation of the b-hydroxyketone
product with the reduction of NADþ catalyzed by
horse liver alcohol dehydrogenase (HLADH).34;35

Here we report the development of a selection strategy
for the evolution of the substrate specificity of KDPG
aldolase based on a pyruvate kinase-deficient strain of
E. coli.
2. Results and discussion

Our selection approach exploits the E. coli PB25 cell line
originally isolated and characterized by Ponce and col-
leagues.36;37 The genes for both pyruvate kinase iso-
zymes (pykA and pykF) have been interrupted by
insertional mutagenesis with antibiotic resistance
markers (pykA::kan, pykF::cat), making the strain both
auxotrophic for pyruvate during growth on ribose as the
sole carbon source and resistant to kanamycin and
chloramphenicol. The cells are rescued by pyruvate
augmentation, showing growth on minimal ribose media
containing as little as 50 lM pyruvate. Our selection is
based on rescue of this auxotroph by retro-aldol cleav-
age (catalyzed by KDPG aldolase mutants) of an
unnatural 2-keto-4-hydroxybutyrate adduct to form
pyruvate (Fig. 1). The principle of microscopic revers-
ibility requires that enzymes selected for activity in the
cleavage direction will also catalyze the reaction in the
synthesis direction.

The PB25 cell line was constructed from JM101 [supE
thiD(lac-proAB) (F0 traD36 proAB lacI qZDM15)].36 In
this strain the proline biosynthetic genes, proA and
proB, are deleted and the biosynthesis of thiamine is
prevented. The ability to grow on minimal media is
achieved by transformation with the transposable ele-
ment F0 traD36 proAB lacIqZDM15 that restores proline
biosynthesis, and supplementation with exogenous thi-
amine in the media. The F0 plasmid contains a consti-
tutively expressed lac repressor that can be used in
subsequent screens to reduce the amount of aldolase
expressed by repressing the upstream lac promoter on
the pUC-derived aldolase plasmids. However, for our
initial selection experiments we isolated PB25 cells
lacking the F0 episome by selecting for the requirement
of proline supplementation for growth on minimal
media. PB25 cells lacking the F0 plasmid fail to grow on
minimal media containing thiamine and either ribose or
glucose as the carbon source.38 Supplementation with
proline and thiamine facilitates growth on glucose, but
not on ribose plates (Table 1). Addition of pyruvate at
concentrations above 50 lM to minimal media supple-
mented with proline and thiamine allows growth on
ribose (Table 2), suggesting that in vivo production of
pyruvate through KDPG aldolase catalyzed retro-aldol
cleavage should also rescue cell growth (Fig. 1).

To ensure robust expression of the altered enzymes
under the selection conditions, the E. coli and T. mari-
tima eda genes encoding KDPG aldolase were subcloned
and inserted into a modified pUC vector. This plasmid
contains a selectable ampicillin marker and expression
of the gene is controlled by a lacZ promoter. The pUC
vector also contains the pMB1 replicon rep and is
present at high copy number in the cell, allowing for



Figure 1. Abbreviated ribose metabolism pathway and selection strategy in E. coli PB25 cell line.36 The genes encoding the two pyruvate kinase

isozymes pykA and pykF have been interrupted by antibiotic resistance markers. Only cells possessing a mutant aldolase that can catalyze the retro-

aldol cleavage to make pyruvate will grow.

Table 1. Growth conditions for the PB25pUC-ECEDA cellsa

Additional supple-

ments

Glucose Ribose Ribose+ pyruvate

(5mM)

Ampb/kanb ) ) n/a

Ampb/proc/B1
d +++++ ) +++++

Ampb/kanb/Came/

proc/B1
d

+++ ) +++

aAgar media contains M9 salts and the appropriate sugar at 0.4%. ‘)’
indicates no growth after 120 h; ‘+++’ indicates growth after 72 h;

‘+++++’ indicates growth after 24 h.
b 50 lgmL�1.
c 20 lgmL�1.
d 1 lgmL�1.
e 30 lgmL�1.

Table 2. Effect of pyruvate supplementation on the growth of

PB25pUC-ECEDA cells

Type of platea PB25pUC-ECEDAb

M9/ribose )
M9/ribose+ 5mM pyruvate ++++

M9/ribose+ 0.5mM pyruvate ++++

M9/ribose+ 0.05mM pyruvate +

M9/ribose+ 0.005mM pyruvate )
M9/glucose ++++

LB +++++

aAll plates are supplemented with ampicillin (50lgmL�1), kanamycin

(50lgmL�1), chloramphenicol (30 lgmL�1). M9 plates were also

supplemented with proline (20lgmL�1), thiamin (1 lgmL�1), and

the appropriate sugar (0.4%).
b ‘)’ indicates no growth after 120 h; ‘+’ indicates growth after 120 h;

‘++++’ indicates growth after 48 h; ‘+++++’ indicates growth after

24 h.
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high levels of constitutive protein expression in the
absence of high levels of lac repressor. Transformation
of the PB25 cell line lacking the F0 episome (see
discussion above) with the pUC vectors containing an
inserted KDPG aldolase gene allows high levels of
protein expression levels without isopropylthiogalacto-
side induction. The plasmids encoding E. coli and T.
maritima KDPG aldolase genes are hereafter referred to
as pUC-ECEDA and pUC-TMEDA, respectively. In
both constructs a 6xHis tag is added to KDPG aldolase
(on the N-terminus and C-terminus for the E. coli and T.
maritima enzymes, respectively), which allows for rapid
purification of mutant aldolases. The plasmid pUC-
ECEDA2 was also constructed with a C-terminal 6XHis
tag.

PB25 cells contain resistance markers for kanamycin
(kan) and chloramphenicol (cam), and the pUC plasmid
containing the eda gene confers resistance to ampicillin
(amp), in theory facilitating stringent selection of growth
on all three antibiotics. In practice, the presence of
multiple antibiotics significantly inhibits cell growth
(Table 1). Colonies were observed after 24 h of growth
on M9/glucose plates in the presence of ampicillin alone
(50 lgmL�1), while 72 h was required for growth on the
same media containing all three antibiotics (50 lgmL�1

amp, 50 lgmL�1 kan, and 30 lgmL�1 cam). While
eliminating kanamycin and/or chloramphenicol from
the media promotes cell growth, it could in principle
lead to the selection of false-positives from reversion of
the cell-line phenotype. However, the background fre-
quency of cell reversion remains low in all of our
experiments, as indicated by the low number of PB25
colonies transformed with the wild-type KDPG aldolase
plasmid that grow on the selection plates.

To determine the minimum concentration of pyruvate
required for growth, PB25 cells containing the pUC-
ECEDA plasmid were cultured on M9/ribose plates
containing various concentrations of pyruvate. Pyruvate
concentrations as low as 0.5mM produce visible cell
growth at 48 h (Table 2). Plates supplemented with
0.05mM (50 lM) pyruvate support growth of very small
colonies after 120 h, while 5 lM augmentation produced
no growth after 120 h. Similar results were observed for



Table 4. Growth of PB25 cells transformed with a plasmid encoding

KDPG aldolase on media supplemented with 4-hydroxy-2-keto-4-(20-

pyridyl)butyrate (KHPB, 5mM)

Type of platea pUC-ECEDA pUC-TMEDA pUC19

M9/glucose ++++ ++++ ++++

M9/ribose/KHPB +++ ++++ +++

M9/ribose ) ) )

‘)’ indicates no growth after 120 h; ‘+++’ indicates growth after 72 h;

and ‘++++’ indicates growth after 48 h.
aM9 agar plates were supplemented with proline (20lgmL�1), thiamin

(1 lgmL�1), antibiotics: 25 lgmL�1 each kan and amp, 17 lgmL�1

cam, and the appropriate sugar (0.4%).
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growth of PB25 cells containing the pUC-TMEDA
plasmid (data not shown). Although the equilibrium
constant for KDPG aldolase activity lies strongly in
favor of synthesis,39 cleavage of selection substrates
in vivo is coupled to pyruvate consumption so the
selection should function effectively for even weakly
active compounds.

The ability to screen large libraries is reduced by the
poor viability of PB25 cells when grown on selective
media. Serial dilutions of PB25 cells grown on M9/kan/
cam/glucose plates show about 50% fewer colonies than
those plated onto LB/kan/cam plates. Even fewer colo-
nies are observed on minimal media plates compared to
LB plates after transformation protocols or under
stringent selection conditions (data not shown). To en-
hance growth on selection media, supplementation of
M9 plates with vitamins (10 lgmL�1 each of pyridoxal,
DD-biotin, cyanocobalamin, niacinamide, DD-pantothe-
nate, folic acid, and riboflavin), metals (FeCl3 and
ZnSO4), and/or nucleotides (40 lgmL�1 each of adeno-
sine, guanosine, thymidine, cytosine, and uracil) was
examined. Supplementation of M9/ribose plates with
vitamins and nucleic acids failed to rescue the auxotro-
phic phenotype. However, these supplements did mod-
estly enhance the number of colonies observed when
PB25 cells are plated onto minimal media plates con-
taining glucose as compared to the LB control (Table 3).

To test the utility of the PB25 cell line in directed evo-
lution experiments, a model selection was carried out
using 2-keto-4-hydroxy-4-(20-pyridyl)butyrate (KHPB)
(Fig. 1, R¼ pyridine) to rescue cell growth. This sub-
strate is prepared enzymatically from pyruvate and 2-
pyridinecarboxaldehyde using wild-type E. coli KDPG
aldolase (Scheme 2, R¼ pyridine). Microscopic revers-
ibility requires that this adduct will be cleaved by wild-
type KDPG aldolase to produce pyruvate and should
therefore rescue the auxotrophic PB25 cell line, provided
that the molecule enters the cell (Fig. 1).32

PB25 cells were electroporated with either the pUC-
ECEDA or pUC-TMEDA plasmids and plated on M9/
ribose plates supplemented with 5mM KHPB (Table 4).
Visible colonies were observed on KHPB plates after
incubation for 72 and 48 h for the PB25 cells containing
Table 3. Number of colonies observed after plating PB25 cells on M9

plates supplemented with vitamins, metals, and nucleotides compared

to LB plates

Type of supplement M9/glucosea LBa

None ++ ++++

Vitamin+metal solutions +++ N/A

Nucleotide solution +++ N/A

Vitamin+metal + nucleotides +++ N/A

aAll plates are supplemented with kan (25lgmL�1), cam (17 lgmL�1),

and M9 plates were also supplemented with proline (20 lgmL�1),

thiamin (1lgmL�1), and the appropriate sugar (0.2%). The compo-

sition of the added solutions is described in the materials and meth-

ods section. ‘++’ indicates that the number of colonies was 25–50%

the number observed on LB plates; ‘+++’ indicates 50–75%; ‘++++’

indicates 75–100%.
pUC-ECEDA and pUC-TMEDA, respectively, dem-
onstrating that supplementation with KHPB can rescue
the cells. No colonies were observed when cells were
plated on minimal media ribose plates (no KHPB) after
incubation up to 120 h indicating that cell-line reversion
does not occur with great frequency. As a positive
control, growth was observed for cells plated on mini-
mal glucose plates after 48 h of incubation.

As a final control, pUC19 plasmid lacking the eda gene
was electroporated into the pyruvate kinase deficient
PB25 cells. These PB25pUC19 cells also grow on M9/
Ribose plates augmented with KHPB, likely due to the
endogenous KDPG aldolase in PB25 cells. However, the
possibility of an alternative metabolic pathway for
the production of pyruvate from KHPB cannot be
definitively ruled out.

To further test this selection strategy, we examined the
growth of PB25 cells on media supplemented with a
compound derived from valeraldehyde and pyruvate, 2-
keto-4-hydroxy-octanoate (KHO). The synthesis of this
substrate is shown in Scheme 3. Because valeraldehyde is
not a substrate for wild-type KDPG aldolase,32 endo-
genous enzyme cannot convert 2-keto-4-hydroxyoctano-
ate to pyruvate to rescue cell growth. Consistent with
this observation, minimal ribose plates containing 5mM
KHO do not support growth after 120 h of incubation
for PB25 cells alone or when transformed with either
pUC-ECEDA or pUC-TMEDA suggesting that this
compound will be an appropriate substrate for selection
experiments.

Using this new selection method, pyruvate aldolase
activity with a diverse range of aldehydes can be
evolved. KDPG aldolase activity in the synthetic direc-
tion using benzaldehyde and its derivatives as substrates
Scheme 3. Chemical synthesis of 2-keto-4-hydroxy-octanoate (KHO).

Valeraldehyde is not a substrate for the KDPG aldolases.
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is of particular interest.31 Previous directed evolution
experiments on KDPG aldolase used a microtiter-plate
HLADH/NADH assay to evolve enzymes with altered
substrate specificity or reversal of enantioselectivity at
the C4 hydroxyl group.34;35 This screening method
couples KDPG aldolase activity in the synthetic direc-
tion with oxidation of the resulting C4 hydroxyl group
and to subsequent turnover of NADþ to NADH cata-
lyzed by HLADH. NADH is detected spectrophoto-
metrically using a fluorescence plate reader. While some
success was achieved using this screen, maximum library
sizes assayed using this labor-intensive method were on
the order of 104.35 An initial round of selection of E. coli
KDPG aldolase mutants for growth of PB25pUC-EC-
EDA2 cells on minimal ribose plates supplemented with
KHO allowed us to screen greater than 107 mutants in a
single afternoon. In this initial round of selection, three
colonies were observed on the selection plates after
120 h. The plasmid from each colony was isolated and
the KDPG aldolase genes were sequenced demonstrat-
ing intriguing alterations in the protein sequence (Table
5, Fig. 2). Characterization of these mutants as well as
further rounds of mutagenesis and selection will be re-
ported in due course.
Table 5. Mutations in the KDPG aldolase gene selected by growth of

PB25pUC-ECEDA cells on minimal media supplemented with KHO

Mutant designation Mutations

EC-1 P77S, G183R

EC-2 V22L, N168S, R170S, K202M

EC-3 G70S, Q89R, K202N

Figure 2. Structures of wild-type E. coli KDPG aldolase showing

positions of mutated residues. Active site residues Lys 133 and Glu 45

are shown as sticks. Mutated residues are shown as spheres. (A) EC-1

(Pro 77, Gly 183), (B) EC-2 (Val 22, Asn 168, Arg 170, Lys 202), (C)

EC-3 (Gly 70, Gln 89, Lys 202).
3. Experimental

3.1. Materials

1H and 13C NMR spectra were recorded on a Varian
300MHz NMR spectrometer. The PB25 cell line was a
generous gift from Dr. Francisco Bolivar at Universidad
Nacional Aut�onoma de M�exico.36
3.2. pUC-ECEDA and pUC-ECEDA2 construction

A pUC19 plasmid was modified by site-directed poly-
merase chain reaction (PCR) mutagenesis (Stratagene)
to insert an Nco I site upstream of the poly-cloning site,
using the following PCR primers: 50-GCTT-
GGCGTAACCATGGTCATA-30 and 50-TATGACCA-
TGGTTACGCCAAGC-30 (Invitrogen). The resulting
plasmid was digested with Nco I and Bam H I and
the linearized plasmid was purified on a 1% agarose
gel.38 The E. coli KDPG aldolase gene was isolated by
digestion of pET-ECEDA with Nco I and Bam H I and
purified using a 1% agarose gel.40 The DNA fragments
were extracted from the gel using the Qiagen Gel Puri-
fication Kit and were then ligated together using T4
DNA ligase (NEB). The ligation product was trans-
formed into calcium competent XL-10 Gold cells
(Stratagene) and cells containing plasmids were selected
by growth on LB/amp plates. The sequence of the
complete eda gene was confirmed by automated dideoxy
sequencing (Duke DNA Analysis Facility).

The pUC-ECEDA2 plasmid was constructed to incor-
porate Sac I and Xho I restriction sites flanking the start
and stop of the gene. PCR amplification of the EDA
gene from the pET-ECEDA plasmid used the following
primers: 50-TCGAGCTCTACCATGAAAAACTGG-
AAAACTTCCG-30 and 50-ATGCAGTGACTCGA-
GTTCCAGCTTAGCGCCTTCTACAGCTTC-30. The
PCR product was digested with Sac I and Xho I and
purified on a 1% agarose gel. The pUC-TMEDA vector
was digested with Sac I and Xho I and the pUC frag-
ment purified on a 1% agarose gel. The DNA fragments
were ligated together using T4 DNA ligase (NEB) and
transformed into competent Smart Cells (Gene Therapy
Systems). After isolation of the plasmid DNA, the se-
quence of the eda gene was verified by automated di-
deoxy nucleotide sequencing (University of Michigan
Sequencing Core).
3.3. pUC-TMEDA construct

The T. maritima eda gene was amplified from pTM-
eda230 using the following primers that contain Sac I
and Sph I sites, respectively; 50-CTTTAAGAAGGA-
GCTCTACCATGGC-30 and 50-GGCTTTGTTAG-
CATGCCGGATCTC-30 (Invitrogen). The PCR prod-
uct was digested with Sac I and Sph I (NEB), purified
using a 1% agarose gel,38 and extracted from the
gel using Millipore Ultrafree DA filters. This fragment
was ligated to Sac I/Sph I-digested pUC18 plasmid using
T4 DNA ligase (NEB). The resulting plasmid was
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transformed into calcium competent XL1-Blue cells
(Stratagene) and selected by growth on LB/amp plates.
Automated dideoxy nucleotide sequencing (University
of Michigan Sequencing Core) was used to verify the
sequence of the cloned eda gene.
3.4. Construction of error-prone PCR library

Error-prone PCR amplification of the eda gene was
carried out using an error-prone DNA polymerase
(Mutazyme, Stratagene) and primers containing
the restriction sites Sac I and Xho I: (Forward)
50-GGAAACAGCTATGACCATGATTACGAATTC-
GAGCTCTACCATG-30 and (Reverse) 50-CTCAGT-
GGTGGTGGTGGTGGTGCTCGAGTTC -30. Plas-
mid pECA-pUC (10 ng), PCR primers (125 ng each),
dNTPs (200 lM each), Mutazyme buffer (5 lL 10·,
Strategene), and Mutazyme DNA polymerase (2.5 units,
Stratagene) were combined in a total volume of 50 lL.
Each cycle of PCR amplification (40 total) consisted of
94 �C for 30 s, 58 �C for 30 s, and 72 �C for 50 s, followed
by a final extension of 72 �C for 2min. The PCR-
amplified DNA was purified by extracting twice with an
equal volume of phenol:chloroform (E.M. Science,
pH 8.0) and once with an equal volume of chloroform.
The salt content of the aqueous phase was adjusted to
0.2M in NaCl and two volumes of cold absolute ethanol
were added. The DNA was incubated for 15min at
)80 �C and pelleted by centrifugation (14,000 rpm,
10min, 4 �C). The pelleted DNA was washed once with
70% ethanol, centrifuged again, and air-dried before
resuspension in 200 lL water. The PCR fragments were
digested at 37 �C with Sac I and Xho I restriction en-
zymes (NEB, 40U each, 15 h) and purified on a 1%
agarose gel followed by electroelution into 10,000
MWCO dialysis tubing (Pierce, Snakeskin). The DNA
was concentrated to �1mL using a Microcon spin-filter
(Amicon, 30,000 MWCO), purified by phenol:chloro-
form extraction and precipitated by the addition of
NaCl and ethanol. The PCR fragments (60 lg total)
were redissolved in 600 lL water. This DNA (12 lg) was
mixed with Sac I/Xho I-digested pUC18 (60 lg) in NEB
T4 Buffer containing ATP (2.5mM) and NEB T4 DNA
ligase (16,000 cohesive-end units) in a total volume of
400 lL. The reaction was incubated on ice and allowed
to warm until the ice melted (16 h). The DNA was ex-
tracted with phenol:chloroform and precipitated with
NaCl/ethanol as described above to concentrate the
DNA and remove salts. The ligated DNA was resus-
pended in 40 lL of water. A concentration of
0.4 lg lL�1 ligated DNA was estimated from analysis of
the linearized plasmid DNA (Sca I digest) on a 1%
agarose gel by comparison to a 10 ng lL�1 1.1 kb DNA
standard (Stratagene).
3.5. Electroporation of PB25 cells

Electrocompetent PB25 cells were prepared using the
method of Hanahan et al.41 Frozen glycerol stocks
(80 lL) of electrocompetent cells were thawed on ice.
Cold DNA (10 pg to 125 lg) was added and cells were
electroporated in 0.1 cm electroporation cuvettes (Bio-
Rad) at 1.8 kV. SOC media (1mL) was immediately
added and the cells transferred to a Falcon tube. The
cuvette was washed with SOC (2 · 1mL) and the
washings combined. The cells were incubated at 37 �C,
200 rpm for 1 h. The cells were pelleted by centrifugation
(3000g, 10min) and resuspended in M9 media (1mL).
Cells were pelleted again and resuspended in M9 media
(1mL) before plating.
3.6. Preparation of M9 plates

Agar LB and M9 media plates were made using Sam-
brook’s published procedure.38 In some cases, the media
was supplemented with filter-sterilized (0.22 lm) solu-
tions of one or more of the following (final concentra-
tions are listed): proline (pro, 20 lgmL�1), thiamin (B1,
1 lgmL�1), glucose or ribose (0.4% each) ampicillin
(amp; 25 or 50 lgmL�1), kanamycin (kan; 25 or
50 lgmL�1), chloramphenicol (cam; 17 or 30 lgmL�1),
pyruvate (0.005–5mM), KHPB (5mM), or KHO
(5mM).
3.7. Supplementation with vitamins, nucleotides, metals,
and amino acids

A 100· vitamin solution was made with 1mgmL�1 of
each of the following vitamins: pyridoxal hydrochloride,
DD-biotin, cyanocobalamin, niacinamide, DD-pantothe-
nate, folic acid, and riboflavin. The solution was neu-
tralized by the addition of NaOH and then sterilized by
filtration. A 1000· metal solution containing 1mM
FeCl3 and 50mM ZnSO4 was made and sterilized by
filtration. The 100· nucleotide solution contained
4mgmL�1 each of adenosine, guanosine, thymidine,
cytosine, and uracil (pH 7). The solution was heated to
65 �C to dissolve all solids, and was then sterilized by
filtration.

M9/pro/B1 agar plates supplemented with kanamycin
(25 lgmL�1) and chloramphenicol (17 lgmL�1) were
prepared as described. The plates containing 0.2% ribose
or 0.2% glucose were also supplemented with either
{vitamins +metals}, {nucleotides}, or {vitamins +met-
als + nucleotides}. All plates were inoculated with 25 lL
of a single colony of PB25 cells resuspended in 200 lL.
After 48 h of incubation at 34 �C, the number of colonies
was determined and compared to the number of colonies
observed on a LB/kan/cam plate.
3.8. Serial dilutions of pyruvate

M9/pro/B1 plates containing kanamycin (50 lgmL�1),
ampicillin (50 lgmL�1), and chloramphenicol
(30 lgmL�1) were prepared as described and supple-
mented with 5, 0.5, 0.05, or 0.005mM sodium pyruvate.
Electroporation of PB25 cells with pUC-ECEDA or
pUC-TMEDA plasmid (50 ng) was carried out as
described above. Cells (50 lL) were plated and incu-
bated at 34 �C.
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3.9. Model selection with 2-keto-4-hydroxy-4-(20-pyr-
idyl)butyrate (KHPB)

M9/pro/B1 plates were prepared as described and sup-
plemented with kanamycin (25 lgmL�1), ampicillin
(25 lgmL�1), chloramphenicol (17 lgmL�1), and
KHPB (5mM). Electroporation of PB25 cells with
pUC-ECEDA or pUC-TMEDA (5 ng) was carried out
as described above. Cells were diluted 1:10 into M9/
ribose media before plating (50 lL) on the M9/kan/amp/
cam/KHPB agar plates.
3.10. Selection with 2-keto-4-hydroxyoctonate (KHO)

Minimal A media plates38 were prepared and supple-
mented with vitamins, metals, nucleotides, proline, and
thiamin as described above, as well as carbenicillin
(50 lgmL�1), ribose or glucose (0.4%), and KHO
(2.5mM). Selections were carried out at 34 �C.
3.11. Synthesis of 2-keto-4-hydroxy-4-(20-pyridyl)-
butyrate (KHPB)

Sodium pyruvate (3.8 g, 34mmol) was dissolved in
KH2PO4 buffer (20mM, pH6.5, 30mL) and sterile fil-
tered (0.22 lm). In a separate flask, freshly distilled
2-pyridine carboxaldehyde (3.8mL, 34mmol) was dis-
solved in KH2PO4 buffer (20mM, pH6.5, 400mL).
E. coli KDPG aldolase (6mg, 2400U) was added to the
2-pyridine carboxaldehyde and the resulting solution
passed through a sterile filter (0.22 lm). Pyruvate
(1.13M, 10mL) was added and the reaction was incu-
bated for 17 h at 21 �C. Additional pyruvate was added
(1.13M, 10mL), and the reaction incubated another 8 h.
Additional pyruvate was added (1.13M, 10mL), and the
reaction incubated for another 17 h. The reaction was
lyophilized, and the residual solid stirred for 30min with
absolute ethanol (620mL) and filtered. The ethanol was
removed in vacuo and the solid was dried under vacuum
overnight. One mole equivalent of LiCl (1.5 g, 34mmol)
was dissolved in deionized water (60mL) and added to
the crude product, stirred until no solid remained, and
then lyophilized. The resulting solid was dissolved in
absolute ethanol (50mL), stirred at 21 �C, and then
chilled to )20 �C until a white solid formed. The solid
was filtered, washed with cold ethanol (75mL), and then
dried. Purification using a 130 g C18 derivatized silica
gel column (Redisep, Isco) in 1 g batches (100% H2O,
70mLmin�1 flow rate, 10mL fractions) yielded pure
product (1.52 g, 7.5mmol) that is spectroscopically
identical to previously reported material.31
3.12. Synthesis of 2-keto-4-hydroxy-octanoate (KHO)42

NaOH (3M, 9.6mL) was cooled to 0 �C. Oxalacetic acid
(1.9 g, 14.5mM) was added slowly with stirring. The pH
was adjusted to 10.0 with 3M NaOH and valeraldehyde
(2.4 g, 28mM) dissolved in THF (3mL) was added. The
pH was followed and readjusted to 10.0 for approxi-
mately 1 h until stabilization, and then the reaction was
allowed to stir at room temperature for 23 more hours.
The reaction was washed with ether (3 · 10mL) to
remove excess valeraldehyde, and the aqueous layer
treated with Amberlyst 131 Hþ resin in vacuo until no
more bubbling was observed. The solution was filtered,
and the resin washed with dH2O (200mL). The pH was
adjusted to 7.0 and the solution lyophilized overnight.
Purification using a 130 g C18 derivatized silica gel col-
umn in 1 g batches on Isco Combiflash Retrieve auto-
mated system (100% H2O, 70mLmin�1 flow rate, 15mL
fractions) yielded pure product (851mg, 4.3mmol). 1H
NMR (D2O) d 4.21–4.11 (m, 1H), 3.02–2.82 (m, 2H),
1.58–1.48 (m, 2H), 1.42–1.26 (m, 4H), 0.94–0.86 (m, 3H)
ppm. 13C NMR (D2O) d 207.83, 172.82, 70.08, 49.43,
38.76, 29.72, 24.69, 16.11 ppm.
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