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ABSTRACT: The genes encoding metabolic enzymes involved in glucose metabolism, the TCA cycle, and
biosynthesis of amino acids, purines, pyrimidines, and cofactors would be expected to be essential for
growth of Escherichia colion glucose because the cells must synthesize all of the building blocks for
cellular macromolecules. Surprisingly, 80 of 227 of these genes are not essential. Analysis of why these
genes are not essential provides insights into the metabolic sophistication ofE. coli and into the evolutionary
pressures that have shaped its physiology. Alternative routes enabled by interconnecting pathways can
allow a defective step to be bypassed. Isozymes, alternative enzymes, broad-specificity enzymes, and
multifunctional enzymes can often substitute for a missing enzyme. We expect that the apparent redundancy
in these metabolic pathways has arisen due to the need forE. coli to survive in a variety of habitats and
therefore to have a metabolism that allows optimal exploitation of varying environmental resources and
synthesis of small molecules when they cannot be obtained from the environment.

WhenEscherichia coligrows on glucose as a sole carbon
source, all amino acids, purines, pyrimidines, and cofactors
must be synthesized. Thus, every step required for conversion
of glucose to these essential biomolecules is critical for
survival. Assessment of the essentiality of genes encoding
enzymes in these central metabolic pathways for growth on
glucose is unexpectedly difficult. Hundreds of studies of
individual genes have been carried out over the past decades,
but these studies have used a variety of strains, molecular
methods, and growth conditions. Gene essentiality for growth
on both rich medium and glucose has also been assessed
using the Keio collection of single-gene knockout mutants
(1). The Keio collection was generated by insertion of a
kanamycin resistance gene into the reading frames of each

of 3985 genes inE. coli K12 BW25113. This study has the
distinct advantage of consistency in strains and growth
conditions. However, a limitation is that the technique used
for creation of the knockout strains requires growth on LB
medium. Thus, knockout strains that cannot grow on LB were
not recovered and were therefore unavailable for analysis
of growth on glucose. In some cases, other laboratories have
constructed these knockout strains by adding particular
nutrients required to sustain growth in the absence of a
critical gene. (Examples are given in the footnote of Table
1.) In several cases, the ability of the Keio collection knock-
out strains to grow on glucose is inconsistent with expecta-
tions based upon the Ecocyc pathway database. Possible
reasons for these discrepancies will be discussed below.

Most of the 227 genes encoding enzymes in central
metabolic pathways are essential for growth on glucose, as
expected (see Table 1). However, 80 of these genes are not
essential. Metabolic enzymes may be nonessential due to the
existence of alternative pathways, or the availability of
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isozymes, alternative enzymes, broad-specificity enzymes,
or multifunctional enzymes that can compensate for a missing
enzyme (see Figure 1).

Although this review focuses upon essentiality for growth
on glucose, this is a somewhat unidimensional perspective.
A gene is considered nonessential even if a strain lacking
that gene grows very slowly, and surely slow growth in-
dicates that the gene is important for fitness, even if it is not

essential. Furthermore, glucose is only one of many carbon
sources that can support growth ofE. coli. Similar analyses
of essentiality for growth on other carbon sources would
reveal additional intricacies. Finally, disruption of a gene
can lead to a large number of underlying changes in meta-
bolic fluxes and gene regulation (2), even if growth rate is
only marginally affected. The story for each gene can be
much more complicated than we can convey in this overview.

Table 1: Essentiality of Genes in Central Metabolic Pathways for Growth ofE. coli K12
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Interconnecting Pathways
In some cases, interconnecting metabolic pathways allow

E. coli to bypass a defective metabolic step. This is most

likely to occur for catabolic pathways, which tend to be
highly connected, and less likely for biosynthetic pathways,
which tend to be linear (3). It is important to recognize that

Table 1: (Continued)

1 Reasons for nonessentiality: IP, interconnecting pathway; ISO, isozyme available; ALT, alternative enzyme available; BSS, another enzyme
with broad substrate specificity available; MF, overlapping function with a multifunctional enzyme; ES, expendable step; ER, expendable regulatory
subunit; PROM, promiscuous enzyme available.2 Based upon Ecocyc, the data of Baba et al. (1), and references in the general literature.3 Based
upon Baba et al. (1). +, OD600 ) 0.06-0.10 after 24 h and further change in OD600 to >0.06 by 48 h, or OD600 > 0.10 after 24 h;(, OD600 < 0.06
after 24 h but OD600 > 0.12 by 48 h or initial growth to an OD600 of 0.06-0.10 after 24 h, but further change in OD600 to <0.06 after 48 h;-, OD600

< 0.06 by 24 h and further change in OD600 to <0.06 after 48 h.4 Genes were deemed to be essential if a knockout strain could not be retrieved
from LB plates (1). 5 References to previous work evaluating essentiality for designations that conflict with the experimental data of Baba et al.:
tpiA (15), aceEandaceF(58), lpdA (62), aroD (63), carA (55, 56), pheA(64), cysC, cysD, andcysN(65), metC(66), bioA (67), pdxJ(68), pabA
andpabB(69), pabC(70), nadB(71), nadC(72), thiC, thiD, thiE, thiG, andthiH (73, 74), andfolB (75). 6 Genes for which a duplicate gene in the
Keio knockout strain was detected (J. Kim and S. D. Copley, unpublished results).7 Strains lacking the following genes were constructed by
including the indicated supplement(s) to support growth:fbaA, glycerol and xylose (76); gapA, glycerol and malate (16) or succinate (77); pgk,
glycerol and malate (17); eno, glycerol and malate (17) or succinate (78); asd, dapA, dapB, dapD, anddapE, diaminopimelate (79-81); hemA,
δ-aminolevulinic acid (82); hemB, hemin (83); hemH, lactate and a mixture of amino acids in Vogel-Bonner medium (84); hemL, δ-aminolevulinic
acid (not essential, but improved growth) (85); folA, methionine, glycine, a purine, and thymidine (86, 87); pyrG, cytidine (88).
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catabolic pathways are responsible not only for production
of energy but also for supplying key precursors for biosyn-
thetic pathways, including dihydroxyacetone phosphate
(DHAP),1 erythrose 4-phosphate (E4P), ribose 5-phosphate
(R5P), acetyl CoA (AcCoA), oxaloacetate (OAA),R-keto-
glutarate (RKG), and succinyl CoA (ScoA) (see Figure 2).
Steps in individual pathways may not be essential if there is
an interconnecting pathway for synthesizing these molecules.
However, even if an interconnecting pathway is available,
accumulation of the substrate for a missing enzyme may
cause toxicity and prevent growth on glucose.

In Figure 2, steps that are essential for growth on glucose
are designated by red arrows. These include steps for which
loss of a single enzyme or both of a set of isozymes prevents
growth. In cases where deletion of two isozymes results in
loss of growth on glucose, the gene names are highlighted
in blue [pfkA/pfkB (4), tktA/tktB (5), and acnA/acnB (6)].
(Multiple-knockout mutants have not been analyzed for all
sets of isozymes, so this information is incomplete. For
example, a triple knockout ofgpmA, gpmB, andgpmIshould
be unable to grow on glucose, but this mutant has not been
made.)

E. coli has three pathways for degrading glucose, all of
which form glyceraldehyde 3-phosphate (GAP) (see Fig-
ure 2). These include the classic glycolytic pathway (the
Embden-Myerhof-Parnase pathway), the Entner-Doudor-
off pathway, and the pentose phosphate pathway. Isotopic
labeling experiments have shown that glucose is normally
metabolized through both the glycolytic pathway and the
pentose phosphate pathway (7). The major role of the
Entner-Doudoroff pathway appears to be metabolism of
gluconate derived from mucus in the mammalian intestine
(8).

Since two pathways normally convert glucose to GAP,
the steps in the upper part of the glycolytic pathway would
be expected to be nonessential for growth on glucose. This
is true in the case of phosphoglucose isomerase (Pgi).
Contrary to expectation, the remaining steps are essential,
apparently due to toxic effects of metabolites that accumulate
in the absence of a particular enzyme. These effects may be

due to inhibition of other metabolic enzymes, as well as to
effects on gene expression caused by alterations in levels of
metabolites both above and below the block in the pathway.

The essentiality of fructose bis-phosphate aldolase (FbaA),
which catalyzes the aldol cleavage of FDP, is particularly
interesting. [An isozyme, FbaB, is produced only under
gluconeogenic conditions (9); thus, only FbaA is present
during growth on glucose.] Strains with a temperature-
sensitivefbaAhave been isolated. A shift to the nonpermis-
sive temperature during growth on glucose results in a 7-20-
fold increase in the level of FDP (10, 11). FDP inhibits
6-phosphogluconate dehydrogenase (12), so a block in the
glycolytic pathway atfbaA should impair flux through the
alternative pentose phosphate pathway. A shift to the non-
permissive temperature also causes an immediate downregu-
lation of ribosomal RNA synthesis (13). Thus, the physi-
ological consequences of a lack of FbaA are widespread and
complex. FbaA appears to be essential for growth on LB
medium, as well (1). Accumulation of FDP may have similar
inhibitory effects even when other carbon sources are
available to support growth.

In the case of triose phosphate isomerase, toxic effects
are not caused by DHAP itself, but by methylglyoxal formed
by its nonenzymatic decomposition (14). Strains from which
tpiA has been deleted generally do not grow on glucose.
However, adaptive mutations leading to expression of the
methylglyoxal pathway genes occur readily, allowing meth-
ylglyoxal to be converted toD-lactate and the cells to grow
on glucose (14, 15).

The initial steps of the pentose phosphate pathway are not
essential because the biosynthetic precursors R5P and E4P
can be produced by alternative pathways. E4P can be
produced from GAP and F6P, or from GAP and sedohep-
tulose 7-phosphate (S7P). R5P can be produced from GAP
and S7P. The steps that interconvert these various sugar
phosphates are catalyzed by transketolases A and B and
transaldolases A and B. Cells lacking both transketolases
cannot grow on glucose because E4P, an essential precursor
of the aromatic amino acids and pyridoxal phosphate, cannot
be produced (5).

All of the glucose metabolism pathways feed into a com-
mon pathway that converts GAP to downstream metabolites
such as PEP and acetyl CoA. Every step in this pathway
should be essential because PEP and acetyl CoA supply the
TCA cycle. Indeed, strains lacking glyceraldehyde-3-
phosphate dehydrogenase (GapA), phosphoglycerate kinase
(Pgk), and enolase (Eno) cannot grow on glucose (16, 17).
E. coli contains three isozymes of phosphoglycerate mutase
and two of pyruvate kinase, and strains lacking one of these
isozymes are able to grow on glucose because activity can
be provided by the other isozyme(s).

Although the TCA cycle allows maximal energy yield
from degradation of glucose, its more critical role is to supply
precursors for biosynthetic pathways that branch from
R-ketoglutarate (R-KG), oxaloacetate (OAA), and succinyl
CoA (ScoA). Several steps in the TCA cycle are nonessential
because these intermediates can be produced by alternative
pathways. OAA can be produced by PEP carboxylase (Ppc).
Thus, conversion of malate to OAA by malate dehydrogenase
and malate:quinone oxidoreductase is not essential (18).
ScoA can be produced by cleavage of isocitrate to produce

1 Abbreviations: 6PG, gluconate 6-phosphate; AcCoA, acetyl CoA;
E4P, erythrose 4-phosphate;RKG, R-ketoglutarate; CIT, citrate; DHAP,
dihydroxyacetone phosphate; F6P, fructose 6-phosphate; FDP, fructose
1,6-bisphosphate; G6P, glucose 6-phosphate; GAP, glyceraldehyde
3-phosphate; GOX, glyoxylate; ICT, isocitrate; KDPG, 2-keto-3-
deoxygluconate 6-phosphate; MAL, malate; MG, methylglyoxal; OAA,
oxaloacetate; PEP, phosphoenolpyruvate; PRPP, phosphoribosyl py-
rophosphate; PYR, pyruvate; R5P, ribose 5-phosphate; Ru5P, ribulose
5-phosphate; S7P, sedoheptulose 7-phosphate; SCoA, succinyl CoA;
SUC, succinate; X5P, xylulose 5-phosphate.

FIGURE 1: Reasons for the nonessentiality of genes in central
catabolic and biosynthetic pathways. Abbreviations are given in
the footnote of Table 1.
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succinate by isocitrate lyase (AceA), followed by conversion
to succinyl CoA by succinyl CoA synthetase (SucCSucD).
Thus,R-KG dehydrogenase (SucASucBLpdA) is not essen-
tial. (The essentiality of LpdA is due to its function as a
subunit of pyruvate dehydrogenase, which is essential for
generating acetyl CoA.) However, there is only one way to
makeR-KG, so the segment of the cycle leading toR-KG is
essential.

Isozymes and AlternatiVe Enzymes

Many metabolic genes that are not essential encode
proteins for which isozymes or alternative enzymes are
encoded by other genes (see Table 2 and Table 1 of the
Supporting Information). Isozymes catalyze the same chemi-
cal reaction, while alternative enzymes form a common
product using different reactants. Isozymes and alternative
enzymes are generally specialized for performance under
different conditions. Many isozymes are paralogous. Such
isozymes can arise by duplication of an ancestral gene,
followed by mutations in either structural or regulatory
regions to allow divergence of properties such as transcrip-
tional regulation, feedback inhibition, or kinetic parameters.
Paralogous isozymes can also arise by horizontal transfer of
a gene into a bacterium whose genome already encodes a
paralogue. However, isozymes can also arise by convergent
evolution from different ancestors. The two isozymes of
ribose phosphate isomerase are important examples (19, 20).

Whether isozymes and alternative enzymes can substitute
for each other depends upon whether they are expressed at
sufficient levels and are active under similar conditions.
Remarkably, only two enzymes out of the 15 sets of isozymes
listed in Table 1 of the Supporting Information are essential
for growth on glucose. As described above, FbaA, the class
II fructose bis-phosphate aldolase, is essential for growth on
glucose. The second case is ThrA, which is essential for
growth on glucose. ThrA and MetL are bifunctional aspartate
kinase/homoserine dehydrogenase isozymes that catalyze two
reactions common to the pathways for synthesis of threonine
and methionine. MetL is apparently not produced during
growth on glucose, and little is produced during growth on
LB (21) or on glycerol (22), so it is not clear under what
circumstances MetL is active. In all of the other cases listed
in Table 1 of the Supporting Information, isozymes appar-
ently coexist during growth on glucose.

Isozymes are sometimes specialized for catalysis under
different growth conditions. For example,E. coli has three
genes for fumarate hydratase (fumarase). The constitutively
expressed FumA is the major fumarase under anaerobic and
microaerophilic conditions. FumB provides minor activity
under anaerobic conditions. Both enzymes lose activity at
high O2 levels because of oxidation of their iron-sulfur
clusters (23, 24). Thus, FumC, which lacks an iron-sulfur
cluster, is the major fumarase under aerobic conditions (25).
However, sufficient FumA is present under aerobic condi-

FIGURE 2: Overview of the central metabolic pathways ofE. coli. Pathways are indicated by shading as follows: green for the Embden-
Myerhof-Parnase pathway, yellow for the pentose phosphate pathway, pink for the Entner-Doudoroff pathway, and blue for the TCA
cycle. Steps catalyzed by enzymes that that are essential for growth on glucose are denoted with red arrows, and the genes are colored red.
Genes encoding subunits of multisubunit enzymes are enclosed in brackets. Where deletion of genes encoding two isozymes results in loss
of the ability to grow on glucose, the genes are colored blue.
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tions to allow growth in the absence of FumC (23).
Isozymes are sometimes differentially regulated to allow

control of activity under particular metabolic circumstances.
Three isozymes of DAHP synthase (AroF, AroG, and AroH)
catalyze condensation of E4P with PEP in the chorismate
pathway. AroF is inhibited by tyrosine, AroG by phenyl-
alanine, and AroH by tryptophan. This system allows the
flux through the pathway to be modulated independently by
each of the three major products of the pathway; thus, a
shortage of any of the aromatic amino acids will lead to
increased flux through the pathway. AroG makes up 80%
of DAHP synthase during growth on minimal medium; AroF
makes up∼20% and AroH only 1% (26). Thus, each
isozyme is expendable.

Several enzymatic reactions inE. coli are catalyzed by
alternative enzymes that synthesize the same product using
different reactants (see Table 2). The availability of alterna-
tive enzymes allows the bacterium to take advantage of
reactants that may be in sufficient supply only occasionally
in a fluctuating environment. Alternative enzymes can, in
some cases, substitute for each other. For example, PurN
and PurT produce 5′-phosphoribosyl-N-formylglycineamide,
an intermediate in the pathway for purine biosynthesis. PurN
utilizesN10-formyltetrahydrofolate as the formyl donor, while
PurT utilizes formate. Neither is essential for growth on
glucose, suggesting that both are operational under these
conditions. A second example is HemF and HemN, which
catalyze oxidative decarboxylation of coproporphyrinogen
III in the pathway for heme biosynthesis. HemF is O2-
dependent and is the major enzyme utilized under aerobic
conditions. However, HemN, which does not require O2 and
therefore provides all activity under anaerobic conditions,
is expressed and active under aerobic conditions and can
substitute for a lack of HemF (27).

Alternative enzymes cannot substitute for each other if
they are not active under the same conditions. MetE and
MetH, two versions of homocysteine transmethylase, catalyze
the final step required for synthesis of methionine. MetE does
not require a cofactor (28), while MetH requires cobalamin
(29). E. coli cannot synthesize cobalamin unless the inter-
mediate cobamide is provided (30); thus, active MetH cannot

be produced in cells growing on glucose. Consequently,
MetE is the only active homocysteine transmethylase under
these conditions and is essential for growth.

Alternative enzymes may be expressed under different
conditions and therefore unable to substitute for each other.
The ribonucleoside diphosphate reductases NrdAB and
NrdEF are considered alternative enzymes because they
receive reducing equivalents from different sources. NrdAB
is reduced by thioredoxin, while NrdEF is reduced by NrdH.
TheSalmonella typhimuriumNrdEF has robust ribonucleo-
side diphosphate reductase activity (31, 32) and can comple-
ment a lack of NrdA or NrdB when expressed on a plasmid
in E. coli (33). However, the endogenousE. coli NrdEF
cannot substitute for NrdAB (34), even though the genes
are transcribed (31, 35-37). Apparently insufficient protein
is produced during growth on glucose. The level of expres-
sion of thenrdHIEF operon is dramatically increased in the
presence of oxidative stress (37), so NrdEF may function
under specific conditions that have not yet been defined.
NrdD, the class III ribonucleoside-triphosphate reductase,
also cannot substitute for NrdAB, as it is expressed only
during anaerobic and microaerophilic growth (38) and is
inactivated by O2 (39).

Compensation by an alternative enzyme requires not only
the enzyme but also its substrates.E. coli has two enzymes
that convert aspartate into asparagine, AsnA (aspartate-
ammonia lyase), which utilizes ammonia, and AsnB (aspar-
agine synthetase B), which derives ammonia from glutamine.
Since neither enzyme is essential, both enzymes and their
substrates must be present in sufficient quantities during
growth on glucose in minimal medium.

Alternative enzymes are sometimes specialized to catalyze
reactions in a particular direction, as the use of different
substrates can alter the energetics of the reaction. For exam-
ple, PEP carboxylase (Ppc) converts PEP and CO2 to OAA
during growth on glucose to compensate for losses due to
siphoning off of intermediates in the TCA cycle for biosyn-
thetic pathways. During gluconeogenesis, PEP carboxykinase
(PckA) converts OAA and ATP to PEP, CO2, and ADP. The
expenditure of ATP makes formation of PEP and CO2

energetically more favorable. Both enzymes are active during

Table 2: Alternative Enzymes that Catalyze Formation of a Common Product Using Different Reactantsa

gene enzyme reactionb

mqo malate:quinone oxidoreductase MAL+ Q f OAA + QH2

mdh malate dehydrogenase MAL+ NAD f OAA + NADH
ppc phosphoenolpyruvate carboxylase PEP + CO2 + H2O f OAA + Pi

pckA phosphoenolpyruvate carboxykinase OAA+ ATP f PEP + ADP + CO2

asnA aspartate-ammonia ligase Asp+ ATP + NH3 f Asn + AMP + PPi

asnB asparagine synthetase B Asp+ ATP + Gln f Asn + AMP + Glu
metE cobalamin-independent homocysteine transmethylase hCys+ MTHF f Met + THF (Cob-independent)
metH cobalamin-dependent homocysteine transmethylase hCys+ MTHF f Met + THF (Cob-dependent)
purN GAR transformylase 1 GAR+ FTHF f FGAR + THF
purT GAR transformylase 2 GAR+ ATP + FORf FGAR + ADP + Pi

nrdAB ribonucleoside diphosphate reductase NDP+ Trxred f dNDP + Trxox

nrdEF ribonucleoside diphosphate reductase II NDP+ NrdHred f dNDP + NrdHox

hemF O2-dependent coproporphyrinogen III oxidase CPP+ 2O2 f PPHG + 2H2O2 + 2CO2

hemN O2-independent coproporphyrinogen III oxidase CPP+ 2SAM f PPHG + 2dA + Met + 2CO2

a Variable reactants in each case are underlined, and the common products are shown in bold. Genes that are essential for growth on glucose are
also highlighted in bold.b Abbreviations: CPP, coproporphyrinogen III; dA, deoxyadenosine; FGAR; 5′-phosphoribosylN-formylglycineamide;
FTHF, N10-formyltetrahydrofolate; GAR, phosphoribosylglycineamide; hCys, homocysteine; MAL, malate; MTHF, 5-methyl-THF; (d)NDP,
(deoxy)ribonucleoside diphosphate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PPHG, protoporphyrinogen; SAM,S-adenosylmethionine; THF,
tetrahydrofolate.
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growth on glucose; metabolic flux analysis suggests that
substantial flux occurs through both enzymes, even though
this results in a futile cycle that dissipates ATP (40). Despite
the presence of both enzymes, PEP carboxylase is essential
for growth on glucose. This suggests that the reaction of PEP,
ADP, and CO2 to form OAA and ATP catalyzed by PEP
carboxykinase, the reverse of the normal direction, is too
endergonic to produce sufficient OAA to support growth.

Complementation by Enzymes with Broad Substrate
Specificities

Most metabolic enzymes have fairly stringent substrate
specificities. Fine-tuning of substrate binding pockets pre-
vents inhibition due to binding of other molecules, as well
as accidental conversion of valuable metabolites into dead-
end products that cannot be further metabolized. However,
there are enzymes with quite broad specificities. Broad
substrate specificity can be important for physiological
function. However, in some cases, it may be an accidental
consequence of an active site structure that permits binding
of alternative substrates in the proximity of catalytic groups.
Such activities can be considered promiscuous activities,
which are generally adventitious and of no particular use to
the cell. This distinction needs to be made carefully on the
basis of knowledge of whether the activity in question
contributes significantly to a particular function and thereby
improves fitness.

The transaminases that convertR-keto acids to amino acids
constitute an important class of enzymes for which broad
substrate specificity is critical for function. The mechanism
of these enzymes involves reaction of the pyridoxal 5′-
phosphate cofactor with an amino donor (usually glutamate)
to form pyridoxamine 5′-phosphate, followed by reaction
with an acceptorR-keto acid to generate the final amino acid.
Thus, structurally different molecules must bind to the active
site to complete the catalytic cycle.E. coli contains eight
transaminases; five are nonessential (AlaB, ArgD, AspC,
AvtA, and TyrB), and three are essential (IlvE, SerC, and
HisC), apparently because no other enzyme is able to handle
at least one of their substrates. It is interesting that ArgD is
not essential. ArgD catalyzes transamination ofN-succinyl-
2-amino-6-ketopimelate andN-acetyl-L-glutamate 5-semi-
aldehyde, intermediates in the pathways for synthesis of Lys
and Arg, respectively (41). A catabolic acetyl ornithine
transaminase (AstC) that interconvertsN-acetyl-L-ornithine
and N-acetyl-L-glutamate 5-semialdehyde might substitute
for ArgD function in Arg biosynthesis. Cox and Wang (42)
have reported thatE. coli extracts contain a transaminase
that is specific forN-succinyl-2-amino-6-ketopimelate. This
enzyme has not been purified, and the gene encoding it has
not been identified. However, it is likely that this enzyme
can substitute for ArgD in the pathway for Lys synthesis.

Another example is adenylate kinase, whose name reflects
its primary function of conversion of AMP and ATP to two
molecules of ADP. Adenylate kinase has substantial nucleo-
tide diphosphate kinase activity, as well. Nucleotide diphos-
phate kinase converts ribo- and deoxyribonucleotide diphos-
phates to the corresponding triphosphates using ATP as the
phosphoryl donor. A strain lacking nucleotide diphosphate
kinase still had 10-15% of the nucleotide diphosphate kinase
activity of the wild-type strain, and the activity was found

to be due to adenylate kinase (43). Apparently, the enzyme
can transfer phosphate to the terminal phosphate of both
nucleotide monophosphates and nucleotide diphosphates. The
specific activity of the nucleotide diphosphate kinase activity
of adenylate kinase was estimated to be 1-5% of that of
the authentic nucleotide diphosphate kinase. Depending upon
the levels of expression of the two enzymes, adenylate kinase
could be responsible for a substantial amount of the total
nucleotide diphosphate kinase activity of the cells.

The ability of the broad-specificity enzyme IlvC to
substitute for PanE involves only some of its catalytic
abilities. IlvC catalyzes NADPH-dependent conversion of
2-acetolactate to 2,3-dihydroxyisovalerate in the valine
biosynthesis pathway, as well as conversion of 2-aceto-2-
hydroxybutyrate to 2,3-dihydroxy-3-methylvalerate in the
isoleucine biosynthesis pathway (see Figure 3 in Supporting
Information) (44). These reactions involve reduction of a
carbonyl as well as an isomerization. IlvC can substitute for
PanE, which catalyzes NADPH-dependent reduction of
2-dehydropantoate to pantoate in the pathway for CoA
biosynthesis. Notably, conversion of 2-dehydropantoate to
pantoate requires only reduction of a carbonyl, but no
isomerization. Thekcat/KM for reduction of 2-dehydropantoate
by IlvC is 1.2× 103 M-1 s-1, only 50-fold lower than that
of PanE (6.6× 104 M-1 s-1) (45). This level of activity is
apparently sufficient to support growth on glucose in the
absence of PanE. Indeed, IlvC is responsible for all three
activities inCorynebacterium glutamicum, which lacks PanE
(46).

The ability of a broad-specificity enzyme to substitute for
another is not necessarily mirrored by a comparable ability
in the other enzyme.D-Erythrose-4-phosphate dehydrogenase
(Epd) and glyceraldehyde-3-phosphate dehydrogenase (GapA)
have overlapping substrate specificity (47). TheD-erythrose-
4-phosphate dehydrogenase activity of GapA is approxi-
mately 30% of that of Epd, while the glyceraldehyde-3-
phosphate dehydrogenase activity of Epd is less than 2% of
that of GapA (48). Thus, GapA can substitute for Epd, but
Epd cannot substitute for GapA.

As noted above for isozymes and alternative enzymes,
broad-specificity enzymes cannot substitute for a missing
enzyme if they are not expressed during growth on glucose.
E. coli contains a gene encoding methylcitrate synthase
(prpC) that has considerable citrate synthase activity (49,
50). However, the enzyme is expressed only when cells are
grown on propionate, so it cannot substitute for citrate
synthase during growth on glucose.

Redundant ActiVities in Multifunctional Proteins

In some cases, redundant catalytic activities exist in an
enzyme dedicated to a certain task and another protein that
serves multiple functions. Such proteins are often termed
“moonlighting” proteins. Shikimate kinase I (AroK) and II
(AroL) catalyze conversion of shikimate to shikimate
3-phosphate in the pathway for synthesis of chorismate. AroL
has aKM,shikimate of 200 µM; the KM,shikimate of AroK is 20
mM, suggesting that shikimate may not be its primary
physiological substrate (51). This proposition is consistent
with the observation that AroK is constitutively expressed,
while AroL is expressed under the more obvious conditions
of limiting levels of Trp and Tyr. It has been proposed that
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AroK plays a role in cell division, possibly by phosphory-
lating a protein target (52). However, AroK probably
contributes to phosphorylation of shikimate as well, as the
kcat/KM,shikimatewe calculate from DeFeyter (53) is similar to
that of AroL (51, 53). Indeed, AroL is not essential for
growth on glucose, suggesting that AroK can fill this
function. AroL apparently lacks the suspected second func-
tion of AroK, but nevertheless, cells lacking AroK grow on
glucose; therefore, this second function must not be essential.

Again, multifunctional proteins cannot substitute for a lack
of a dedicated enzyme if they are not expressed under the
same conditions. MalY, a transcriptional activator with
substantial cystathionineâ-lyase activity, cannot substitute
for MetC, the cystathionineâ-lyase required for methionine
biosynthesis, unless it is supplied from a plasmid with
inducible expression (54). Apparently, MalY is not expressed
during growth on glucose.

Skipping a DefectiVe Step

Nearly every metabolic reaction inE. coli is catalyzed by
an enzyme, a notable exception being the spontaneous
conversion of L-glutamate γ-semialdehyde to pyrroline
5-carboxylate in the pathway for proline synthesis. Thus, lack
of a catalyst generally prevents a metabolic step from
occurring. An exception is the NH3-generating subunit of
carbamoyl phosphate synthetase, which catalyzes synthesis
of carbamoyl phosphate from glutamine, HCO3

-, and ATP
in the pathways leading to arginine and pyrimidine nucle-
otides. The enzyme is composed of two subunits. CarA
generates NH3 from glutamine, and CarB activates HCO3

-

for nucleophilic attack of NH3 to form carbamoyl phosphate.
Although CarB is essential, CarA is not. CarB can utilize
NH3 directly, although the highKm for NH3 restricts the
efficiency of this reaction (55), and cells lacking CarA grow
slowly (56).

Expendable Regulatory Fine-Tuning

Aspartate carbamoyltransferase catalyzes the first step in
the synthesis of pyrimidine ribonucleotides. It is composed
of two catalytic trimers (encoded bypyrB) and three
regulatory dimers (encoded bypyrI). The catalytic subunit
is essential, but the regulatory subunit, which mediates
inhibition by CTP and activation by ATP that helps to
maintain balanced levels of purine and pyrimidine nucle-
otides, is not. This is a case in which fine-tuning of enzyme
activity likely contributes to fitness but is not essential for
growth.

Complementation by an Unidentified Promiscuous
Enzyme

DapF (diaminopimelate epimerase) is required for syn-
thesis of diaminopimelate, a precursor of both lysine and
peptidoglycan. Lysine synthesis is not important for growth
when Lys can be obtained from the medium. However, even
in rich medium, diaminopimelate must be produced for cell
wall biosynthesis. A strain in whichdapFhad been disrupted
had negligible diaminopimelate epimerase activity but was
nevertheless able to synthesize meso-diaminopimelate and
downstream metabolites in peptidoglycan synthesis (57). The
authors speculate that the high levels ofLL-diaminopimelate
that accumulate in the absence of DapF may allow a

promiscuous and inefficient amino acid epimerase activity
to produce meso-diaminopimelate.

Discrepancies in the Literature

The Keio collection is a valuable resource and provides
the opportunity for evaluation of gene essentiality in a single
strain using consistent experimental conditions. However,
in several cases, strains from the Keio collection are able to
grow on glucose, although the gene that has been disrupted
would be expected to be essential. The method used for
construction of the Keio collection requires that knockout
strains constructed by insertional mutagenesis be capable of
growth on LB. If a gene is essential for growth on LB, cells
lacking that gene will not grow. In such cases, colonies can
be obtained if the target gene has been duplicated, allowing
one copy to continue to supply the essential protein even if
an antibiotic resistance gene is inserted into the other copy.
In the cases ofcoaA, coaE, hemE, andfolP, we have detected
an intact copy of the target gene in the Keio collection clones
(J. Kim and S. D. Copley, unpublished results).

Colonies can also be recovered after insertion of a
resistance gene into an essential target gene if a mutant in
the population carries a mutation that compensates in some
way for loss of the target gene. The natural tendency of
microbiologists to select the largest colonies on plates can
lead to selection of strains with one or more adaptive
mutations that optimize growth under particular conditions.
Such adaptive mutations may explain the finding that the
Keio strains lackingaceE, aceF, and lpdA can grow on
glucose. AceE, AceF, and LpdA are components of the
pyruvate dehydrogenase complex that converts pyruvate to
acetyl CoA to fuel the TCA cycle and lipid biosynthesis.
Previous studies have reported that strains lacking AceE
and AceF cannot grow on glucose without supplementation
with acetate. However, overexpression of pyruvate oxidase
allows strains lacking AceE or AceF to grow on glucose
alone (58). (Pyruvate oxidase converts pyruvate to acetate,
which can be converted to acetyl CoA by acetyl CoA
synthetase.) The ability of the Keio knockout strains lacking
aceE, aceF, or lpdA to grow on glucose may be due to
mutations that cause overexpression of pyruvate oxidase.
Similarly, there are discrepancies in the literature regarding
the essentiality of isocitrate dehydrogenase. Although this
enzyme should be required for production ofR-KG and thus
glutamate (59, 60), Baba et al. reported slow growth of the
knockout strain (1). Another report in the literature reports
robust growth of a strain lacking isocitrate dehydrogenase
(61). Growth of both strains is likely due to an unidentified
mutation that allows glutamate to be produced by an
alternative route.

Surprisingly, all of the thiamine pyrophosphate genes
exceptthiL were reported to be nonessential for growth on
glucose by Baba et al. (1). Thiamine diphosphate is required
by several enzymes inE. coli; these include the two trans-
ketolase isozymes (TktA and TktB) and two acetohydroxy-
butanoate synthase/acetolactate synthase isozymes (IlvBIlvN
and IlvIIlvH), which are involved in synthesis of isoleucine,
leucine, and valine. Lack of these activities should preclude
growth on glucose. The growth of these knockout strains on
glucose observed by Baba et al. may have been due to a
small amount of carryover of thiamin from the rich medium
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on which the strains were cultured prior to phenotypic
analysis.

A similar situation may explain the report that strains
lacking PabA, PabB, and PabC grow to a small extent on
glucose (1). The multicomponentp-aminobenzoate synthase
complex contains aminodeoxychorismate synthase (PabAB)
and aminodeoxychorismate lyase (PabC). These enzymes are
involved in folate synthesis and would be expected to be
essential for growth on glucose. This may be another case
in which small amounts of growth can occur due to nutrient
carryover.

Conclusions

Approximately 35% of genes encoding enzymes in central
metabolic pathways are not essential for growth ofE. coli
K12 on glucose, conditions under which the cells must
synthesize all of the building blocks for macromolecules such
as proteins, nucleic acids, lipids, and cell wall constituents.
This robustness to loss of particular enzymes cannot be
attributed to selection for protection against the loss of key
metabolic enzymes. In a large population with a short
doubling time, loss of an individual cell due to a mutation
in a critical metabolic gene is irrelevant. Rather, we attribute
this robustness to billions of years of selective pressure that
have created an organism that can adapt to varying envi-
ronmental conditions and direct carbon flow through the
necessary catabolic and anabolic pathways to allow efficient
growth. E. coli is a heterotroph and thus dependent upon
degradation of carbon compounds in its environment to
supply energy and carbon for growth.E. coli can degrade
various sugars, including glucose, galactose, mannose, rham-
nose, ribose, and xylose, as well as organic acids, amino
acids, and alcohols. Furthermore, the environments in which
enteric bacteria find themselves vary, as different foodstuffs
are digested within the mammalian intestine and as the
bacteria encounter the external environment in transit to a
new host. Thus, the fitness of the organism is enhanced by
a flexible metabolic network that can rapidly adjust to take
optimal advantage of resources in a fluctuating environment.
A variety of mechanisms contributes to this metabolic
flexibility. Interconnecting pathways allow direction of
metabolic flux to enable both production of energy and
synthesis of biosynthetic precursors. This is particularly
important in the partitioning of glucose between glycolysis,
which serves primarily a catabolic function, and the pentose
phosphate pathway, which produces other sugars for amino
acid and nucleotide synthesis. Regulation of metabolic flux
is also frequently achieved using differentially regulated
isozymes (e.g., the three isozymes of DAHP synthase, AroF,
AroG, and AroH, which are inhibited by Tyr, Phe, and Trp,
respectively). Isozymes can be advantageous for other
reasons, as well. The availability of isozymes can allow a
switch to a different mechanism when conditions are
unfavorable for a particular catalyst. For example, FumC
provides fumarase activity under aerobic conditions because
the other two isozymes (FumA and FumB) lose activity due
to oxidation of their iron-sulfur clusters. Metabolic flex-
ibility is also enhanced by alternative enzymes that allow
exploitation of different resources, allowing simple precursors
to be used when they are available. For example, PurT (GAR
transformylase) transfers formate directly to its substrate.
When formate is not available, the alternative enzyme PurN

utilizesN10-formyltetrahydrofolate. The formyl group to be
transferred is derived from glycine or serine.

Most metabolic enzymes have fairly stringent substrate
specificity, a feature that allows optimal catalysis due to
precise positioning of the substrate in the active site, the
potential for very specific regulation, and the ability to
exclude other substrates that might compete with the normal
substrate and/or might be diverted from other important
pathways. However, this is not always the case; broad
substrate specificity is important for the function of some
enzymes (e.g., the transaminases). In some cases, broad
substrate specificity allows catalysis of secondary reactions
that are of no benefit to the organism; such enzymes are
termed catalytically promiscuous. Promiscuous activities
provide a repertoire of activities that can be useful when a
novel activity is needed to take advantage of a new nutrient
in the environment, or to generate a novel compound for
use in metabolism, regulation, or interaction with other
organisms.

SUPPORTING INFORMATION AVAILABLE

Summary of the isozymes in the central metabolic
pathways ofE. coli (Table 1) and reactions catalyzed by
PanE and IlvC (Figure 3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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