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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 sophisticaBonafand 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 nedsl. fooli 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 of 3985 genes irt. coli K12 BW25113. This study has the
source, all amino acids, purines, pyrimidines, and cofactors distinct advantage of consistency in strains and growth
must be synthesized. Thus, every step required for conversionconditions. However, a limitation is that the technique used
of glucose to these essential biomolecules is critical for for creation of the knockout strains requires growth on LB
survival. Assessment of the essentiality of genes encodingmedium. Thus, knockout strains that cannot grow on LB were
enzymes in these central metabolic pathways for growth onnot recovered and were therefore unavailable for analysis
glucose is unexpectedly difficult. Hundreds of studies of of growth on glucose. In some cases, other laboratories have
individual genes have been carried out over the past decades;onstructed these knockout strains by adding particular
but these studies have used a variety of strains, moleculamutrients required to sustain growth in the absence of a
methods, and growth conditions. Gene essentiality for growth critical gene. (Examples are given in the footnote of Table
on both rich medium and glucose has also been assessed.) In several cases, the ability of the Keio collection knock-
using the Keio collection of single-gene knockout mutants out strains to grow on glucose is inconsistent with expecta-
(2). The Keio collection was generated by insertion of a tions based upon the Ecocyc pathway database. Possible
kanamycin resistance gene into the reading frames of eachreasons for these discrepancies will be discussed below.
Most of the 227 genes encoding enzymes in central
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isozymes, alternative enzymes, broad-specificity enzymes,essential. Furthermore, glucose is only one of many carbon
or multifunctional enzymes that can compensate for a missingsources that can support growth®fcoli. Similar analyses
enzyme (see Figure 1). of essentiality for growth on other carbon sources would
Although this review focuses upon essentiality for growth reveal additional intricacies. Finally, disruption of a gene
on glucose, this is a somewhat unidimensional perspective.can lead to a large number of underlying changes in meta-
A gene is considered nonessential even if a strain lacking bolic fluxes and gene regulatio@)( even if growth rate is
that gene grows very slowly, and surely slow growth in- only marginally affected. The story for each gene can be
dicates that the gene is important for fitness, even if it is not much more complicated than we can convey in this overview.

Table 1: Essentiality of Genes in Central Metabolic Pathways for Growt. @bli K12
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Energy metabolism mgo ALT N + W Glutamine biosynthesis
Glycolysis mdh ALT N+ N [ ginA | E IS N |
glk BSS + ppc I - W Glycine biosynthesi
pgi P + aceA P N+ NN [ ghyA | | E BB N |
pfkA IsO + aceB P N B8 N Histidine biosynthesis
pfkB I1SO + aceE® E Kl N hisA -
fhaA aceF® 3 + W hisB -
fbaB IS0 + Amino acid synthesis hisC -
tpiA® + Alanine biosynthesis hisD .
gapA [ avtA [ BSS hisG -
pgk Arginine biosynthesi hisF -
gpmA IS0 + argA hisl -
gpmB, ytiC IsO + argB hisH -
gpml, yibO IS0 + argC [ , valine biosynthesi
eno argD BSS ilvA E N
pykA IS0 + argE ilvB IS0 N N
pykF IS0 + argF ISO ive E N
Pent phospt pathway argG ivD E N
gnd P N N argH IivVE E N
rpe P N N argl IS0 ivG IS0 N N
rpiA IS0, IP N N carA® ES ilvH IS0 N N
rpiB, alsl IS0, IP N N carB ivi IS0 N N
thktA 150 N N Asparagine biosynthesis ivm ISO N N
tktB IsO N N asnA ALT ilvN IS0 N N
talA IsO N N asnB ALT Leucine biosynthesis
talB I1SO N ] Aspartate biosynthesis leuA
ED pathway [ aspc [ Bss DN leuB
zwf IP N + W Chorismate biosynthesis leuC
pgl, ybhE P NERN aroA E N leuD
edd P N + N aroB E N Lysine biosy
eda P N IRl N aroC E N lysA E N
TCA cycle aroD® E N lysC IS0 N N
gltA E ] aroE E ] asd E E
acnA IS0 N N aroF ISO N N dapA E E
acnB IsO N N aroG IS0 N N dapB E E
icd® E ] aroH IS0 N N dapD E E
sucA P ' + W aroK MF N ] dapE E E
sucB IP Nl N aroL IS0 N N dapF PROM N N
IpdA, fpds EREN Cysteine biosynthesis and sulfate assimilati Methionine biosynthesi
sucC P N EX N cysc® metA
sucD IP N ESN cysD® metB
sdhA P N + N cysE metC
sdhB P N IRl N cysH metE
sdhC IP N IRl N cysl/ metH ALT
sdhD IP ' + @ cysJ metL
fumA IS0 N + N cysK ISO malY MF
fumB IsO N IRl N cysMm IS0 Proline biosy i
fumC 1SO ‘N + W cysN® proA
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Table 1: (Continued)
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proB E IEH N nrdD ALT N BB N | nadE
proC I - WL nrdE ALT N + W Pyridoxal-5'-phospl biosyntt
gdhA ALT LN + B nrdF ALT N IR N dxs
Phenylalanine, Tyrosine biosynthesi ndk MF N + W epd BSS
pheA® N + I adk E E serC
tyrA EN gmk E E pdxA
tyrB BSS N EN N Pyrimidi de biosynt paxB
Serine biosynthesi pyrB = N pdxH
serA pyrC = N pdes
serB pyrD E N Proto- and siroheme biosynthesis
serC pyrE E ] gltx
Tryptophan biosynthesi pyrF = N hemA
trpA pyrG [= E hemB
trpB pyrH E E hemC
trpC pyrl ER N N hemD
trpD thyA = E hemEe®
trpE ded P N ] hemF ALT
Th ine biosynthesi dut E E hemG
thrA - tmk E E hemH
thrB - hemL
thrC - Cofactor biosynthesis Thiamine biosynthesis
Biotin biosynthesis mics
Nucleotide synthesis bioA® thip®
Purine nucleotide biosynthesis bioB thig®
guaA = N bioD thic®
guaB E N bioF thiH®
purA E N CoA Biosyntt thiK, ycfN P
purB E E coaA® E N thiL
purC 3 N coaBC, dfp E N thiM IP
purD E N coaD E E Tetrahydrofi y
purE E N coaE® E N folA E E
purF E N panB E N folB® E N
purH E N panC [= N folC E E
purk E N panD E N folE E E
purL 3 N panE BSS N N folK E 3
purM 3 N NAD Biosynthesis folM, ydgB ALT N N
purN ALT N N nadA ERN folp® 3 N
purT ALT N N nadB E Bl N pabA°® E N
nrdA E E nadc® E KN N pabB°® E N
nrdB E E nadD, ybeN E E pabC*® E N

1 Reasons for nonessentiality: IP, interconnecting pathway; 1SO, 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, expendahtig regulato
subunit; PROM, promiscuous enzyme availaBlBased upon Ecocyc, the data of Baba et B), &4nd references in the general literatirBased
upon Baba et al.1). +, ODsoo = 0.06-0.10 after 24 h and further change in gBto >0.06 by 48 h, or Olyo > 0.10 after 24 h:t, ODggo < 0.06
after 24 h but Olgy > 0.12 by 48 h or initial growth to an Odgy of 0.06—0.10 after 24 h, but further change in @pto <0.06 after 48 hi—, ODsoo
< 0.06 by 24 h and further change in @pto <0.06 after 48 h* Genes were deemed to be essential if a knockout strain could not be retrieved
from LB plates (). ® References to previous work evaluating essentiality for designations that conflict with the experimental data of Baba et al.:
tpiA (15), aceEandaceF (58), IpdA (62), aroD (63), carA (55, 56), pheA(64), cysG 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). ® Genes for which a duplicate gene in the
Keio knockout strain was detected (J. Kim and S. D. Copley, unpublished red8tsains lacking the following genes were constructed by
including the indicated supplement(s) to support growitiaA glycerol and xylose6); gapA glycerol and malatel@) or succinate 77); pgk
glycerol and malatel(7); eng glycerol and malatel(r) or succinate 18); asd dapA dapB dapD, anddapE diaminopimelate {9—81); hemA
o-aminolevulinic acid 82); hemB hemin 83); hemH lactate and a mixture of amino acids in Vog&onner medium&4); hemL, 6-aminolevulinic
acid (not essential, but improved growti8py; folA, methionine, glycine, a purine, and thymidirgs(87); pyrG, cytidine @98).

Interconnecting Pathways likely to occur for catabolic pathways, which tend to be

In some cases, interconnecting metabolic pathways allow highly connected, and less likely for biosynthetic pathways,
E. coli to bypass a defective metabolic step. This is most which tend to be linear3). It is important to recognize that
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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 conditionsd); thus, only FbaA is present
during growth on glucose.] Strains with a temperature-
sensitivefbaA have been isolated. A shift to the nonpermis-
Ficure 1: Reasons for the nonessentiality of genes in central sjye temperature during growth on glucose results ir-a(%
fﬁéﬁ%%';ﬁo?g%fb.'l.oasglgtg?t'c pathways. Abbreviations are given in fold increase in the level of FDPLQ, 11). FDP inhibits

6-phosphogluconate dehydrogena$®),(so a block in the
glycolytic pathway afbaA should impair flux through the

catabolic pathways are responsible not only for production : X hosoh h hif h
of energy but also for supplying key precursors for biosyn- alternative pentose phosphate pathway. A shift to the non-

thetic pathways, including dihydroxyacetone phosphate permissive temperature also causes an immediate downregu-

(DHAP),! erythrose 4-phosphate (E4P), ribose 5—phosphate|ati0.n of ribosomal RNA synthesislg). Thus, t'he physi-
(R5P), acetyl CoA (AcCoA), oxaloacetate (OAA);keto- ological consequences of a lack of FbaA are widespread and

glutarate ¢KG), and succinyl CoA (ScoA) (see Figure 2). COMPlex. FbaA appears to be essential for growth on LB
Steps in individual pathways may not be essential if there is .me.d'.um’ as wellT). Accumulation of FDP may have similar
an interconnecting pathway for synthesizing these molecules.MNiPitory effects even when other carbon sources are
However, even if an interconnecting pathway is available, available to support growth.
accumulation of the substrate for a missing enzyme may In the case of triose phosphate isomerase, toxic effects
cause toxicity and prevent growth on glucose. are not caused by DHAP itself, but by methylglyoxal formed
In Figure 2, steps that are essential for growth on glucose bY its nonenzymatic decompositiot¥). Strains from which
are designated by red arrows. These include steps for whichtPiA has been deleted generally do not grow on glucose.
loss of a single enzyme or both of a set of isozymes preventsHowever, adaptive mutations leading to expression of the
growth. In cases where deletion of two isozymes results in Methylglyoxal pathway genes occur readily, allowing meth-
loss of growth on glucose, the gene names are highlightedy!dlyoxal to be converted to-lactate and the cells to grow
in blue [pfkApfkB (4), tktA/tktB (5), and achAlacnB (6)]. on glucose 14, 15).
(Multiple-knockout mutants have not been analyzed for all ~ The initial steps of the pentose phosphate pathway are not
sets of isozymes, so this information is incomplete. For essential because the biosynthetic precursors R5P and E4P
example, a triple knockout @pmA gpmB andgpmlishould can be produced by alternative pathways. E4P can be
be unable to grow on glucose, but this mutant has not beenproduced from GAP and F6P, or from GAP and sedohep-
made.) tulose 7-phosphate (S7P). R5P can be produced from GAP
E. coli has three pathways for degrading glucose, all of and S7P. The steps that interconvert these various sugar
which form glyceraldehyde 3-phosphate (GAP) (see Fig- phosphates are catalyzed by transketolases A and B and
ure 2). These include the classic glycolytic pathway (the transaldolases A and B. Cells lacking both transketolases
Embden-Myerhof—Parnase pathway), the Entrdédoudor- cannot grow on glucose because E4P, an essential precursor
off pathway, and the pentose phosphate pathway. Isotopicof the aromatic amino acids and pyridoxal phosphate, cannot
labeling experiments have shown that glucose is normally be produceds).
metabolized through both the glycolytic pathway and the  All of the glucose metabolism pathways feed into a com-
pentose phosphate pathway).(The major role of the  mon pathway that converts GAP to downstream metabolites
Entner-Doudoroff pathway appears to be metabolism of such as PEP and acetyl CoA. Every step in this pathway
gluconate derived from mucus in the mammalian intestine should be essential because PEP and acetyl CoA supply the
(8). TCA cycle. Indeed, strains lacking glyceraldehyde-3-
Since two pathways normally convert glucose to GAP, phosphate dehydrogenase (GapA), phosphoglycerate kinase
the steps in the upper part of the glycolytic pathway would (Pgk), and enolase (Eno) cannot grow on glucdsg 17).
be expected to be nonessential for growth on glucose. ThisE. coli contains three isozymes of phosphoglycerate mutase
is true in the case of phosphoglucose isomerase (Pgi).and two of pyruvate kinase, and strains lacking one of these
Contrary to expectation, the remaining steps are essentialisozymes are able to grow on glucose because activity can
apparently due to toxic effects of metabolites that accumulate be provided by the other isozyme(s).
in the absence of a particular enzyme. These effects may be Although the TCA cycle allows maximal energy vield
from degradation of glucose, its more critical role is to supply
E41PAbbrehviati025:h6PGH ag&(énatlf 6-pTosphate(;: Iel\_cC_oA, achIAgoA; precursors for biosynthetic pathways that branch from
4P, erythrose 4-phosphateKG, a-ketoglutarate; CIT, citrate; . a-ketoglutarate ¢-KG), oxaloacetate (OAA), and succinyl
?"g}_'gi?ﬁggsgt‘g; pg%i,?hgfﬁégfg ’gf;ﬁ?:;hgtz?Oéﬁgétzlngéggﬁ?j&oA (ScoA). Several steps in the TCA cycle are nonessential
3-phosphate; GOX, glyoxylate; ICT, isocitrate; KDPG, 2-keto-3- because these intermediates can be produced by alternative
deoxygluconate 6-phosphate; MAL, malate; MG, methylglyoxal; OAA,  pathways. OAA can be produced by PEP carboxylase (Ppc).

oxaloacetate; PEP, phosphoenolpyruvate; PRPP, phosphoribosyl py ;
rophosphate; PYR, pyruvate; R5P, ribose 5-phosphate; Ru5P, ribulose—rhus’ conversion of malate to OAA by malate dehydrogenase

5-phosphate; S7P, sedoheptulose 7-phosphate; SCoA, succinyl Coa@nd malate:quinone oxidoreductase i5_ not essentig)l (
SUC, succinate; X5P, xylulose 5-phosphate. ScoA can be produced by cleavage of isocitrate to produce




Current Topics Biochemistry, Vol. 46, No. 44, 200712505

glucose ——— gluconate
gcd
gntkK i
idnK

: 6PG KDPG _

gnd t
aromatic
amino acids

RSP rpid /
74 ~a/PiB

™

——— chorismate

aceB SUC
NCB [.mcC such] |y5|n9
methionine
GOX
aced [ipd A, sucA, sucB]

ot acnd

- T
fatty acids | B !
lipids SERICT iea glutamate

Ficure 2: Overview of the central metabolic pathwayskEofcoli. Pathways are indicated by shading as follows: green for the Embden
Myerhof—Parnase pathway, yellow for the pentose phosphate pathway, pink for the -EDtmetoroff 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.

amino acids
pyrimidines

succinate by isocitrate lyase (AceA), followed by conversion ~ Whether isozymes and alternative enzymes can substitute
to succinyl CoA by succinyl CoA synthetase (SucCSucD). for each other depends upon whether they are expressed at
Thus,o-KG dehydrogenase (SucASucBLpdA) is not essen- sufficient levels and are active under similar conditions.
tial. (The essentiality of LpdA is due to its function as a Remarkably, only two enzymes out of the 15 sets of isozymes
subunit of pyruvate dehydrogenase, which is essential forlisted in Table 1 of the Supporting Information are essential
generating acetyl CoA.) However, there is only one way to for growth on glucose. As described above, FbaA, the class
makea-KG, so the segment of the cycle leadingtdG is Il fructose bis-phosphate aldolase, is essential for growth on
essential. 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
Many metabolic genes that are not essential encodereactions common to the pathways for synthesis of threonine
proteins for which isozymes or alternative enzymes are and methionine. MetL is apparently not produced during
encoded by other genes (see Table 2 and Table 1 of thegrowth on glucose, and little is produced during growth on
Supporting Information). Isozymes catalyze the same chemi-LB (21) or on glycerol £2), so it is not clear under what
cal reaction, while alternative enzymes form a common circumstances MetL is active. In all of the other cases listed
product using different reactants. Isozymes and alternativein Table 1 of the Supporting Information, isozymes appar-
enzymes are generally specialized for performance underently coexist during growth on glucose.
different conditions. Many isozymes are paralogous. Such Isozymes are sometimes specialized for catalysis under
isozymes can arise by duplication of an ancestral gene,different growth conditions. For examplg, coli has three
followed by mutations in either structural or regulatory genes for fumarate hydratase (fumarase). The constitutively
regions to allow divergence of properties such as transcrip- expressed FumA is the major fumarase under anaerobic and
tional regulation, feedback inhibition, or kinetic parameters. microaerophilic conditions. FumB provides minor activity
Paralogous isozymes can also arise by horizontal transfer ofunder anaerobic conditions. Both enzymes lose activity at
a gene into a bacterium whose genome already encodes &igh O, levels because of oxidation of their iresulfur
paralogue. However, isozymes can also arise by convergentlusters 23, 24). Thus, FumC, which lacks an irersulfur
evolution from different ancestors. The two isozymes of cluster, is the major fumarase under aerobic conditigBk (
ribose phosphate isomerase are important examp@&2(Q). However, sufficient FumA is present under aerobic condi-

Isozymes and Alternat Enzymes
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Table 2: Alternative Enzymes that Catalyze Formation of a Common Product Using Different Réactants

gene enzyme reactién
mqo malate:quinone oxidoreductase MALQ — OAA + QH;
mdh malate dehydrogenase MALE NAD — OAA + NADH
ppc phosphoenolpyruvate carboxylase PEP+ CO, + H,O— OAA + P,
pckA phosphoenolpyruvate carboxykinase OAAATP — PEP + ADP + CO;,
asnA aspartate-ammonia ligase A3SpATP + NH3z — Asn + AMP + PR
asnB asparagine synthetase B A$pATP + GIn— Asn + AMP + Glu
metE cobalamin-independent homocysteine transmethylase #HOYFHF — Met + THF (Cob-independent)
metH cobalamin-dependent homocysteine transmethylase #HOYFHF — Met + THF (Cob-dependent)
purN GAR transformylase 1 GAR FTHF— FGAR + THF
purT GAR transformylase 2 GAR- ATP + FOR— FGAR + ADP + P,
nrdAB ribonucleoside diphosphate reductase NBPrXreg— ANDP + TrXox
nrdeF ribonucleoside diphosphate reductase Il NBRrdHeq— dNDP + NrdHoy
hemF O,-dependent coproporphyrinogen Ill oxidase CPRO, — PPHG + 2H,0, + 2CO,
hemN O.-independent coproporphyrinogen Il oxidase CPRSAM — PPHG + 2dA + Met + 2CG;

aVariable 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? Abbreviations: CPP, coproporphyrinogen lil; dA, deoxyadenosine; FGARh&sphoribosyN-formylglycineamide;
FTHF, N*°-formyltetrahydrofolate; GAR, phosphoribosylglycineamide; hCys, homocysteine; MAL, malate; MTHF, 5-methyl-THF; (d)NDP,
(deoxy)ribonucleoside diphosphate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PPHG, protoporphyrinog&mad@hbkylmethionine; THF,
tetrahydrofolate.

tions to allow growth in the absence of FUMEZ3). be produced in cells growing on glucose. Consequently,
Isozymes are sometimes differentially regulated to allow MetE is the only active homocysteine transmethylase under
control of activity under particular metabolic circumstances. these conditions and is essential for growth.
Three isozymes of DAHP synthase (AroF, AroG, and AroH)  Alternative enzymes may be expressed under different
catalyze condensation of E4P with PEP in the chorismate conditions and therefore unable to substitute for each other.
pathway. AroF is inhibited by tyrosine, AroG by phenyl- The ribonucleoside diphosphate reductases NrdAB and
alanine, and AroH by tryptophan. This system allows the NrdEF are considered alternative enzymes because they
flux through the pathway to be modulated independently by receive reducing equivalents from different sources. NrdAB
each of the three major products of the pathway; thus, ais reduced by thioredoxin, while NrdEF is reduced by NrdH.
shortage of any of the aromatic amino acids will lead to The Salmonella typhimuriurNrdEF has robust ribonucleo-
increased flux through the pathway. AroG makes up 80% side diphosphate reductase activigy,(32) and can comple-
of DAHP synthase during growth on minimal medium; AroF ment a lack of NrdA or NrdB when expressed on a plasmid
makes up~20% and AroH only 1% Z6). Thus, each in E. coli (33). However, the endogenols. coli NrdEF
isozyme is expendable. cannot substitute for NrdAB3@), even though the genes
Several enzymatic reactions B coli are catalyzed by  are transcribed3l, 35—37). Apparently insufficient protein
alternative enzymes that synthesize the same product usings produced during growth on glucose. The level of expres-
different reactants (see Table 2). The availability of alterna- sion of thenrdHIEF operon is dramatically increased in the
tive enzymes allows the bacterium to take advantage of presence of oxidative stres37j, so NrdEF may function
reactants that may be in sufficient supply only occasionally under specific conditions that have not yet been defined.
in a fluctuating environment. Alternative enzymes can, in NrdD, the class Il ribonucleoside-triphosphate reductase,
some cases, substitute for each other. For example, PurNalso cannot substitute for NrdAB, as it is expressed only
and PurT produce'fphosphoribosyN-formylglycineamide, during anaerobic and microaerophilic growtB8( and is
an intermediate in the pathway for purine biosynthesis. PurN inactivated by @ (39).
utilizesN'°-formyltetrahydrofolate as the formyl donor, while Compensation by an alternative enzyme requires not only
PurT utilizes formate. Neither is essential for growth on the enzyme but also its substrates.coli has two enzymes
glucose, suggesting that both are operational under thesdhat convert aspartate into asparagine, AsnA (aspartate-
conditions. A second example is HemF and HemN, which ammonia lyase), which utilizes ammonia, and AsnB (aspar-
catalyze oxidative decarboxylation of coproporphyrinogen agine synthetase B), which derives ammonia from glutamine.
Il in the pathway for heme biosynthesis. HemF is-O  Since neither enzyme is essential, both enzymes and their
dependent and is the major enzyme utilized under aerobicsubstrates must be present in sufficient quantities during
conditions. However, HemN, which does not requirea@d growth on glucose in minimal medium.
therefore provides all activity under anaerobic conditions, Alternative enzymes are sometimes specialized to catalyze
is expressed and active under aerobic conditions and carreactions in a particular direction, as the use of different
substitute for a lack of HemR2(). substrates can alter the energetics of the reaction. For exam-
Alternative enzymes cannot substitute for each other if ple, PEP carboxylase (Ppc) converts PEP and t0@AA
they are not active under the same conditions. MetE andduring growth on glucose to compensate for losses due to
MetH, two versions of homocysteine transmethylase, catalyzesiphoning off of intermediates in the TCA cycle for biosyn-
the final step required for synthesis of methionine. MetE does thetic pathways. During gluconeogenesis, PEP carboxykinase
not require a cofactor2@), while MetH requires cobalamin  (PckA) converts OAA and ATP to PEP, GGnd ADP. The
(29). E. coli cannot synthesize cobalamin unless the inter- expenditure of ATP makes formation of PEP and ,CO
mediate cobamide is provide80); thus, active MetH cannot  energetically more favorable. Both enzymes are active during
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growth on glucose; metabolic flux analysis suggests that to be due to adenylate kinas#3f. Apparently, the enzyme
substantial flux occurs through both enzymes, even thoughcan transfer phosphate to the terminal phosphate of both
this results in a futile cycle that dissipates ATR). Despite nucleotide monophosphates and nucleotide diphosphates. The
the presence of both enzymes, PEP carboxylase is essentia@pecific activity of the nucleotide diphosphate kinase activity
for growth on glucose. This suggests that the reaction of PEP,of adenylate kinase was estimated to be5% of that of
ADP, and CQ to form OAA and ATP catalyzed by PEP the authentic nucleotide diphosphate kinase. Depending upon
carboxykinase, the reverse of the normal direction, is too the levels of expression of the two enzymes, adenylate kinase
endergonic to produce sufficient OAA to support growth. could be responsible for a substantial amount of the total
nucleotide diphosphate kinase activity of the cells.

Complementation by Enzymes with Broad Substrate The ability of the broad-specificity enzyme IIVC to
Specificities 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) @4). 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. Thé.a/Ky for reduction of 2-dehydropantoate
by IIVC is 1.2 x 1® M~ s71, only 50-fold lower than that
of PanE (6.6x 10* M~ s71) (45). This level of activity is
. I . . apparently sufficient to support growth on glucose in the
9ontr|butes_ significantly to a particular function and thereby aggence )(;f PanE. Indeed,pIFI)vC g responsik?le for all three
improves fitness. N ; ) .

- ) ) ) activities inCorynebacterium glutamicunmwhich lacks PanE

The transaminases that converketo acids to amino acids (46).

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 5phosphate, followed by reaction
with an acceptoo-keto acid to generate the final amino acid.
Thus, structurally different molecules must bind to the active
site to complete the catalytic cycl&. coli contains eight

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

The ability of a broad-specificity enzyme to substitute for
another is not necessarily mirrored by a comparable ability
in the other enzymen-Erythrose-4-phosphate dehydrogenase
(Epd) and glyceraldehyde-3-phosphate dehydrogenase (GapA)
have overlapping substrate specificity7). Thep-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

transaminases; five are nonessential (AlaB, ArgD, AspC, .
. that of GapA @8). Thus, GapA can substitute for Epd, but
AVtA, and TyrB), and three are essential (llvE, SerC, and Epd cannot substitute for GapA.

HisC), apparently because no other enzyme is able to handle for | | .
at least one of their substrates. It is interesting that ArgD is . AS noted above for isozymes and alternative enzymes,
broad-specificity enzymes cannot substitute for a missing

not essential. ArgD catalyzes transaminatiomNeguccinyl- . .

2-amino-6-ketopimelate ani-acetyl+-glutamate 5-semi- ~ €nzyme if they are not expressed during growth on glucose.

aldehyde, intermediates in the pathways for synthesis of Lys E- COli contains a gene encoding methylcitrate synthase
(prpC) that has considerable citrate synthase activdty, (

and Arg, respectively41). A catabolic acetyl ornithine h . d onlv wh f
transaminase (AstC) that interconvelsacetyl+-ornithine 50). However, the enzyme s expressed only when cells are
grown on propionate, so it cannot substitute for citrate

and N-acetyl+-glutamate 5-semialdehyde might substitute .
for ArgD function in Arg biosynthesis. Cox and Ward2j synthase during growth on glucose.
have reported thaE. coli extracts contain a transaminase
that is specific folN-succinyl-2-amino-6-ketopimelate. This
enzyme has not been purified, and the gene encoding it has |n some cases, redundant catalytic activities exist in an
not been identified. However, it is likely that this enzyme enzyme dedicated to a certain task and another protein that
can substitute for ArgD in the pathway for Lys synthesis. serves multiple functions. Such proteins are often termed
Another example is adenylate kinase, whose name reflects‘moonlighting” proteins. Shikimate kinase | (AroK) and Il
its primary function of conversion of AMP and ATP totwo (AroL) catalyze conversion of shikimate to shikimate
molecules of ADP. Adenylate kinase has substantial nucleo- 3-phosphate in the pathway for synthesis of chorismate. AroL
tide diphosphate kinase activity, as well. Nucleotide diphos- has aKp shikimate Of 200 uM; the Ky shikimate Of AroK is 20
phate kinase converts ribo- and deoxyribonucleotide diphos-mM, suggesting that shikimate may not be its primary
phates to the corresponding triphosphates using ATP as thephysiological substrates(). This proposition is consistent
phosphoryl donor. A strain lacking nucleotide diphosphate with the observation that AroK is constitutively expressed,
kinase still had 16 15% of the nucleotide diphosphate kinase while AroL is expressed under the more obvious conditions
activity of the wild-type strain, and the activity was found of limiting levels of Trp and Tyr. It has been proposed that

Redundant Actities in Multifunctional Proteins
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AroK plays a role in cell division, possibly by phosphory- promiscuous and inefficient amino acid epimerase activity
lating a protein target 52). However, AroK probably to produce meso-diaminopimelate.

contributes to phosphorylation of shikimate as well, as the

Keal Km shikimate W€ calculate from DeFeyteb8) is similar to Discrepancies in the Literature

that of AroL (51, 53). Indeed, AroL is not essential for ) o )
growth on glucose, suggesting that AroK can fill this The Keio g:ollectlon is a valuable resource :_:mq pr0\_/|des
function. AroL apparently lacks the suspected second func- 1€ Opportunity for evaluation of gene essentiality in a single
tion of AroK, but nevertheless, cells lacking AroK grow on strain using consistent experimental conditions. However,

glucose: therefore, this second function must not be essential!N Several cases, strains from the Keio collection are able to
Again, multifunctional proteins cannot substitute for a lack 9roW On glucose, although the gene that has been disrupted

of a dedicated enzyme if they are not expressed under thewould be expected to be essential. The method used for

same conditions. MalY, a transcriptional activator with construction of the Keio collection requires that knockout
substantial cystathioning-lyase activity, cannot substitute strains constructed by |n_sert|0nal_mutagene3|s be capable of
for MetC, the cystathioning-lyase required for methionine ~ 9rowth on LB. If a gene is essential for growth on LB, cells
biosynthesis, unless it is supplied from a plasmid with lacking that gene will not grow. In such cases, colonies can

inducible expressiors). Apparently, MalY is not expressed be obtained if the target gene has been duplicated, allowing
during growth on glucose. one copy to continue to supply the essential protein even if

an antibiotic resistance gene is inserted into the other copy.
Skipping a Defectie Step In the cases afoaA coaE hemE andfolP, we have detected
) ] B an intact copy of the target gene in the Keio collection clones
Nearly every metat;tlallc reaction El.bcgll is c;latalyzed by (J. Kim and S. D. Copley, unpublished results).
an enzyme, a notable exception being the spontaneous Colonies can also be recovered after insertion of a
conversion of L-glutamate y-semialdehyde to pyrroline . . . . .
. . . resistance gene into an essential target gene if a mutant in
5-carboxylate in the pathway for proline synthesis. Thus, lack ; . . .
of a catalvst generally prevents a metabolic step from the population carries a mutation that compensates in some
yst g Yy P P way for loss of the target gene. The natural tendency of

occurring. An exception is the I\&generatlng subunit of .microbiologists to select the largest colonies on plates can
carbamoyl phosphate synthetase, which catalyzes synthesq;ead to selection of strains with one or more adaptive

.Of carbamoyl phOSphme from g_Iu_tamme, HEOand ATP mutations that optimize growth under particular conditions.
in the pathways leading to arginine and pyrimidine nucle- Such adaptive mutations may explain the finding that the
otides. The enzyme is composed of two subunits. CarA Keio strains lackingaceE aceF. and IpdA can grow on
generates N.l;lfrom glutamine, and CarB activates HeO glucose. AceE, AceF, and Lp’dA are components of the
for nucleophilic attack of '\_'"ﬁto form _carbamoyl phospha_t_e. pyruvate dehydrogenase complex that converts pyruvate to
Althou_gh CarB is essential, QarA is not. CarB can utilize acetyl CoA to fuel the TCA cycle and lipid biosynthesis.
NI-.|3.d|rectIy, althoth the highK, for NH?: restricts the Previous studies have reported that strains lacking AceE
efficiency of this reaction5), and cells lacking CarA grow and AceF cannot grow on glucose without supplementation
slowly (56). with acetate. However, overexpression of pyruvate oxidase
allows strains lacking AceE or AceF to grow on glucose
alone 68). (Pyruvate oxidase converts pyruvate to acetate,
Aspartate carbamoyltransferase catalyzes the first step inwhich can be converted to acetyl CoA by acetyl CoA
the synthesis of pyrimidine ribonucleotides. It is composed synthetase.) The ability of the Keio knockout strains lacking
of two catalytic trimers (encoded bpyrB) and three aceE aceF, or IpdA to grow on glucose may be due to
regulatory dimers (encoded Ipyrl). The catalytic subunit  mutations that cause overexpression of pyruvate oxidase.
is essential, but the regulatory subunit, which mediates Similarly, there are discrepancies in the literature regarding
inhibition by CTP and activation by ATP that helps to the essentiality of isocitrate dehydrogenase. Although this
maintain balanced levels of purine and pyrimidine nucle- enzyme should be required for productioroeKG and thus
otides, is not. This is a case in which fine-tuning of enzyme glutamate %9, 60), Baba et al. reported slow growth of the
activity likely contributes to fithess but is not essential for knockout strain 7). Another report in the literature reports

Expendable Regulatory Fine-Tuning

growth. robust growth of a strain lacking isocitrate dehydrogenase

i _ . ) (61). Growth of both strains is likely due to an unidentified
Complementation by an Unidentified Promiscuous mutation that allows glutamate to be produced by an
Enzyme alternative route.

DapF (diaminopimelate epimerase) is required for syn-  Surprisingly, all of the thiamine pyrophosphate genes
thesis of diaminopimelate, a precursor of both lysine and exceptthiL were reported to be nonessential for growth on
peptidoglycan. Lysine synthesis is not important for growth glucose by Baba et all). Thiamine diphosphate is required
when Lys can be obtained from the medium. However, even by several enzymes i&. coli; these include the two trans-
in rich medium, diaminopimelate must be produced for cell ketolase isozymes (TktA and TktB) and two acetohydroxy-
wall biosynthesis. A strain in whictlapFhad been disrupted  butanoate synthase/acetolactate synthase isozymes (llvBIIvN
had negligible diaminopimelate epimerase activity but was and IllvlllvH), which are involved in synthesis of isoleucine,
nevertheless able to synthesize meso-diaminopimelate andeucine, and valine. Lack of these activities should preclude
downstream metabolites in peptidoglycan synthésis (The growth on glucose. The growth of these knockout strains on
authors speculate that the high levelsiofdiaminopimelate  glucose observed by Baba et al. may have been due to a
that accumulate in the absence of DapF may allow a small amount of carryover of thiamin from the rich medium
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on which the strains were cultured prior to phenotypic utilizes N'°-formyltetrahydrofolate. The formyl group to be
analysis. transferred is derived from glycine or serine.

A similar situation may explain the report that strains ~ Most metabolic enzymes have fairly stringent substrate
lacking PabA, PabB, and PabC grow to a small extent on specificity, a feature that allows optimal catalysis due to
glucose 1). The multicomponerp-aminobenzoate synthase precise positioning of the substrate in the active site, the
complex contains aminodeoxychorismate synthase (PabAB)potential for very specific regulation, and the ability to
and aminodeoxychorismate lyase (PabC). These enzymes arexclude other substrates that might compete with the normal
involved in folate synthesis and would be expected to be substrate and/or might be diverted from other important
essential for growth on glucose. This may be another casepathways. However, this is not always the case; broad
in which small amounts of growth can occur due to nutrient substrate specificity is important for the function of some
carryover. 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

Approximately 35% of genes encoding enzymes in central termed catalytically promiscuous. Promiscuous activities
metabolic pathways are not essential for growttEofcoli provide a repertoire of activities that can be useful when a
K12 on glucose, conditions under which the cells must novel activity is needed to take advantage of a new nutrient
synthesize all of the building blocks for macromolecules such in the environment, or to generate a novel compound for
as proteins, nucleic acids, lipids, and cell wall constituents. use in metabolism, regulation, or interaction with other
This robustness to loss of particular enzymes cannot beorganisms.
attributed to selection for protection against the loss of key
metabolic enzymes. In a large population with a short SUPPORTING INFORMATION AVAILABLE
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 tha
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 gpEFERENCES
growth. E. coli is a heterotroph and thus dependent upon
degradation of carbon compounds in its environment to 1. I'?Aabg, I-,Alia, L,ZaSTega\_/;/a,l\l\;ll-,wkai, Y-,Botumurg,h\/l(.,_Bia_'ba,
sup_ply energy E.ind C?‘rbon for growih. coli can degrade (2606? ?Z%nnsc;,rucltioﬁ’ oEognclhae’ricHlia ce:)r;irI](eIlZ iﬁ-fféag, sir?é:é- '
various sugars, including glucose, galactose, mannose, rham-  gene knockout mutants: The Keio collectionol. Syst. Biol. 2
nose, ribose, and xylose, as well as organic acids, amino  2006-2008.
acids, and alcohols. Furthermore, the environments in which 2. Zhao, J., Baba, T., Mori, H., and Shimizu, K. (2004) Global
enteric bacteria find themselves vary, as different foodstuffs ~ metabolic response oEscherichia colito gnd or zwf gene-

. i . . . knockout, based oC-labeling experiments and the measurement
are digested within the mammalian intestine and as the of enzyme activitiesAppl. Microbiol. Biotechnol. 6491—98.
bacteria encounter the external environment in transit to a 3. Ravasz, E., Somera, A. L., Mongru, D. A., Oltvai, Z. N., and
new host. Thus, the fithess of the organism is enhanced by  Barbasi, A. L. (2002) Hierarchical organization of modularity in

a flexible metabolic network that can rapidly adjust to take metabolic networks3cience 2971551-1555.
4. Lovingshimer, M. R., Siegele, D., and Reinhart, G. D. (2006)

Conclusions

Summary of the isozymes in the central metabolic
tpathways 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.

optimal advantage of resources in a fluctuating environment. Consiruction of an induciblepfkA and pfkB deficient strain of
A variety of mechanisms contributes to this metabolic Escherichia colifor the expression and purification of phospho-
flexibility. Interconnecting pathways allow direction of fructokinase from bacterial sourcérotein Expression Purif. 46
metabolic flux to enable both production of energy and . ;E;“gz-s and Winkder, M. £. (1694) Afscherichia colK-12
§yntheS|s .Of blosyn.the“.c precursors. This is partICU|a.r|y tktA tktB mutant deficient in transketolase activity requires
important in the partitioning of glucose between glycolysis, pyridoxine (vitamin-B) as well as the aromatic-amino-acids and

which serves primarily a catabolic function, and the pentose vitamins for growth,J. Bacteriol. 176 6134-6138.
phosphate pathway, which produces other sugars for amino 6. Gruer, M. J., Bradbury, A. J., and Guest, J. R. (1997) Construction

; ; ; ; : and properties of aconitase mutantsksfcherichia coli Micro-
acid and nucleotide synthesis. Regulation of metabolic flux biology 143 1837 1846.

is also frequently achieved using differentially regulated 7 Fraenkel, D. G., and Levisohn, S. R. (1967) Glucose and gluconate
isozymes (e.g., the three isozymes of DAHP synthase, AroF, metabolism in arEscherichia colmutant lacking phosphoglucose
AroG, and AroH, which are inhibited by Tyr, Phe, and Trp, isomerase). Bacteriol. 93 1571-1578. _
respectively). Isozymes can be advantageous for other 8:Peekhaus, N, and Conway, T. (1998) What's for dinner? Entner-
reasons, as well. The availability of isozymes can allow a gfgg_ogrggzr.netabd'sm inEscherichia coli J. Bacteriol. 180
switch to a different mechanism when conditions are g scamuffa, M. D., and Caprioli, R. M. (1980) Comparison of the
unfavorable for a particular catalyst. For example, FumC mechanisms of two distinct aldolases fr&scherichia colgrown
provides fumarase activity under aerobic conditions because ggog'UCO”eOQe”'C substrat&ipchim. Biophys. Acta 614683~
the Other.two ISozymes (FumA and Fumg) lose athVIty due 10. Bock, A., and Neidhardt, F. C. (1966) Properties of a mutant of
to oxidation of their iror-sulfur clusters. Metabolic flex- Escherichia coliwith a temperature-sensitive fructose-1,6-diphos-
ibility is also enhanced by alternative enzymes that allow phate aldolase]. Bacteriol. 92 470-476.
exploitation of different resources, allowing simple precursors 11. Schneider, D. A, and Gourse, R. L. (2003) Changes in the
to be used when they are available. For example, PurT (GAR ~ concentrations of guanosinediphosphate diphosphate and the

. . initiating nucleoside triphosphate account for inhibition of rRNA
transformylase) transfers formate directly to its substrate. transcription in fructose-1,6-diphosphate aldoldfse)(mutants,

When formate is not available, the alternative enzyme PurN J. Bacteriol. 1856192-6194.
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