Multicopy Suppression Underpins Metabolic Evolvability
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Our understanding of the origins of new metabolic functions is based upon anecdotal genetic and biochemical evidence.
Some auxotrophies can be suppressed by overexpressing substrate-ambiguous enzymes (i.e., those that catalyze the same
chemical transformation on different substrates). Other enzymes exhibit weak but detectable catalytic promiscuity in
vitro (i.e., they catalyze different transformations on similar substrates). Cells adapt to novel environments through the
evolution of these secondary activities, but neither their chemical natures nor their frequencies of occurrence have been
characterized en bloc. Here, we systematically identified multifunctional genes within the Escherichia coli genome. We
screened 104 single-gene knockout strains and discovered that many (20%) of these auxotrophs were rescued by the
overexpression of at least one noncognate E. coli gene. The deleted gene and its suppressor were generally unrelated,
suggesting that promiscuity is a product of contingency. This genome-wide survey demonstrates that multifunctional
genes are common and illustrates the mechanistic diversity by which their products enhance metabolic robustness and

evolvability.

Introduction

Our goal is to understand the origins of novel catalytic
functions. This process underlies the evolution of new met-
abolic pathways and the adaptive speciation of microorgan-
isms (Hegeman and Rosenberg 1970). New genes are
primarily produced by duplication (Ohno 1970; Force
et al. 1999); however, the relationship between gene dupli-
cation and the emergence of new biochemical functions
remains incompletely understood (Roth et al. 2007). Ques-
tions about origins underlie those about evolution, but they
cannot be addressed in the same way. Protein sequence
comparisons can reveal phylogenetic relationships and sug-
gest the occurrence of adaptive evolution. Recent advances
in covariation analysis can highlight specific relationships
between protein sequences, structures, and functions (Suel
et al. 2003; Merlo et al. 2007). Biochemical techniques, in-
cluding site-directed mutagenesis and reconstructive gene
synthesis, can also be applied to test hypotheses about
adaptive evolution experimentally (Gaucher et al. 2003;
Thomson et al. 2005; Bridgham et al. 2006).

Comparisons of extant proteins, however, generally
reveal little about the emergence of new catalytic functions.
Many extant activities are ancient and their origins appar-
ently precede the last universal ancestor. The predominance
of functionally neutral mutations (Kimura 1983), the com-
plicated nature of “fitness” in situ, and the complexity of
protein structure/function relationships all tend to obscure
the earliest stages of an enzyme’s evolutionary history.
Nevertheless, novel catalytic functions continue to emerge
in the biosphere, such as when bacteria are challenged with
a novel nutrient or a toxic molecule. An appealing hypoth-
esis posits that the evolutionary starting point for these
functions is the broad specificity and/or secondary activities
of existing protein scaffolds (Jensen 1976; D’Ari and
Casadesus 1998; Khersonsky et al. 2006). Indeed, it has
long been recognized that many proteins retain the ability
to catalyze identical chemical transformations on numerous
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substrates (substrate ambiguity). Some enzymes also dis-
play catalytic promiscuity in vitro; that is, they possess
the ability to catalyze different transformations on one or
more substrates (O’Brien and Herschlag 1999). These prop-
erties could serve as the molecular basis of contingency,
which describes instances when “a feature evolved long
ago for a different use has fortuitously permitted survival
during a sudden and unpredictable change in rules” (Gould
1989).

We speculated that ambiguity and promiscuity are
commonplace, even within the small proteome of a well-
characterized organism such as Escherichia coli. Further,
we hypothesized that adaptation routinely begins with
the overexpression of ambiguous and/or promiscuous en-
zymes. Anecdotal evidence in support of this hypothesis
includes early experiments showing that the enzymes of
fucose metabolism could be recruited for the catabolism
of L-1,2-propanediol (Cocks et al. 1974) and p-arabinose
(St Martin and Mortlock 1976). Campbell, Hall, and Hartl
also demonstrated that a repressor mutation enabling con-
stitutive expression of a cryptic B-galactosidase, Ebg, was
critical for its ability to suppress E. coli lacZ mutants (Hall
2003). Berg et al. (1998) demonstrated that avzA on a high
copy number plasmid was able to suppress i/vE mutations
but that a single chromosomal copy could not. More re-
cently, Miller and Raines screened a library of E. coli ge-
nomic fragments and identified 4 glycokinases that were
able to complement a glucokinase auxotroph, provided they
were overexpressed using a strong T7 promoter (Miller and
Raines 2004, 2005). If the evolutionary mechanisms that
create new catalytic functions are similar to those that rec-
reate old ones, auxotrophy suppression experiments emu-
late the responses of asexual bacterial populations to
xenobiotic nutrients or toxins.

In this study, we have conducted a systematic survey
to demonstrate the prevalence of ambiguity and promiscu-
ity within the E. coli proteome, using 2 recently constructed
functional genomics tools. The first is the Keio collection,
which comprises 3,985 single-gene knockout strains (Baba
et al. 2006). The second is the A Complete Set of E. coli
K-12 Open Reading Frame Archive (ASKA) library, which
contains every E. coli open reading frame (ORF), each
individually cloned into the expression vector pCA24N
(Kitagawa et al. 2005). By transforming each conditional
Keio auxotroph with every clone from the ASKA library,



we provide experimental evidence that the E. coli genome
contains a large and diverse reservoir of multifunctional
suppressors, which can be readily accessed via regulatory
mutations or gene amplification events.

Materials and Methods
Escherichia coli Strains

The Keio knockout and green fluorescent protein
(GFP)-tagged ASKA collections were purchased from
Hirotada Mori (Nara Institute of Science and Technology,
Nara, Japan). These resources were constructed as part of
the National BioResource Project (National Institute of Ge-
netics, Shizuoka, Japan) and have been described elsewhere
(Kitagawa et al. 2005; Baba et al. 2006). The ASKA library
includes duplicates of many recently reannotated ORFs; in
total, it contains 5,272 clones.

Identification of Conditionally Essential Genes

Two recent reports have assessed the growth of every
Keio strain in glucose-supplemented 3-cCmorpholinopropa-
nesulfonic acid medium (Baba et al. 2006) and in glycerol-
supplemented M9 medium (Joyce et al. 2006). By combining
the results of these studies, we derived a list of 155 strains
that we predicted would be unable to form colonies on
MO9-glucose. Each strain was cultured in Luria-Bertani (LB)
medium (0.4 ml) supplemented with kanamycin (Kan;
30 pg ml™Y). After overnight growth at 37 °C, each sat-
urated culture was washed and resuspended to a final
ODgpp =~ 0.1 with sterile M9 salts (1 x concentration; Difco,
Sparks, MD). A 3-pl aliquot of the resuspended cells was
streaked on M9—glucose medium, which comprised M9
salts (1x), agar (1.5%, w/v), MgSO, (2 mM), CaCl,
(0.1 mM), glucose (0.4%, w/v), and Kan. Plates were in-
cubated at 37 °C for up to 7 days, and colony formation
was monitored.

Selection of Rescuing Activities

Aliquots (25 pl) of the 5,272 clones in the ASKA li-
brary were mixed, and plasmid DNA (pCA24N-[ASKA])
was isolated from the resulting pool. Deletion strains that
failed to grow on M9—glucose were made electrocompetent
and transformed with pCA24N-[ASKA] DNA. Transformed
cells were washed and resuspended in M9 salts (1x),
then spread on M9—glucose—isopropyl-f-p-thiogalactoside
(IPTG) medium. The latter was M9—glucose as described
above, further supplemented with IPTG (50 pM) and chlor-
amphenicol (Cam; 34 pug ml~"). An average (median) of
30,500 transformed cells (lower quartile = 21,400 and up-
per quartile = 50,500) were plated in each experiment,
thereby ensuring that >95% of the ASKA library was rep-
resented (Firth and Patrick 2005). Plates were placed in air-
tight containers with moistened paper towels (to prevent
overdrying) and incubated at 37 °C for 4-5 weeks.

Identification of Rescuing Clones

Colonies that appeared on the M9—glucose-IPTG se-
lection plates were used to inoculate LB—Cam-Kan me-
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dium. After overnight growth at 37 °C, a 0.5-pl aliquot
of each saturated culture was used as the source of template
DNA for PCR, using the pCA24N-specific primers
pCA24N.for (5'-GAT AAC AAT TTC ACA CAG AAT
TCA TTA AAG AG) and pCA24N.rev (5'-CCC ATT
AAC ATC ACC ATC TAA TTC AAC). Each rescuing
clone was identified by sequencing the amplified product
using primer pCA24N.for.

Retransformation Test

The rescuing activity of each selected clone was ver-
ified by retransformation. Plasmid DNA was isolated from
the corresponding member of the ASKA library using
EconoSpin plasmid mini-prep columns (Epoch Biolabs,
Houston, TX). The purified plasmid was used to transform
a fresh aliquot of the appropriate deletion strain by electro-
poration. Approximately 100—1,000 transformed cells were
washed and resuspended in M9 salts (1 x), then spread on
M9-glucose—IPTG medium. A negative control plasmid
(pCA24N-lacZ) was used to transform the same strain,
and growth at 37 °C was monitored.

Pairwise Structural Alignments

The MAMMOTH algorithm (Ortiz et al. 2002) and the
DBAIi database (http://salilab.org/DBAIli/; Pieper et al.
2006) were used to superimpose the structure of each de-
leted protein upon that of its non-cognate suppressor. When
an experimentally determined structure was not available,
a homology model from ModBase (http://modbase.compbio.
ucsf.edu/modbase-cgi/index.cgi; Pieper et al. 2006) was used
for the structural alignment.

Results and Discussion
High-Throughput Selection of Multicopy Suppressors

The objective of this study was to identify enzymes
that evince biologically relevant substrate ambiguity or cat-
alytic promiscuity. The first step was to develop a high-
throughput screen for multifunctional genes derived from
the E. coli genome. To begin, we identified 107 strains from
the Keio knockout collection (each with a single-gene de-
letion) that were unable to form colonies when streaked on
M9—glucose. Three strains (AguaA, Alpd, and AthyA) were
subsequently excluded because they could not be trans-
formed efficiently by plasmid DNA. Most of the remaining
104 strains contained deletions in genes of central metab-
olism, including 62 in amino acid metabolism (3 of which
encode regulatory proteins), 20 in cofactor biosynthesis,
and 17 in nucleotide biosynthesis (see supplementary tables
1 and 2, Supplementary Material online). The failure of these
conditional auxotrophs to grow on M9—glucose implies that
each is suffering from a severe metabolic imbalance.

The ASKA OREF library was constructed by individ-
ually cloning every protein-coding E. coli gene; each ORF
is overexpressed as a fusion protein with N-terminal (His)g
and C-terminal GFP tags (Kitagawa et al. 2005). We prop-
agated each of the 5,272 clones to saturation in 96-well
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microplates, pooled equal volumes of each culture and iso-
lated plasmid DNA (presumably containing genes that
could rescue the 104 auxotrophs) from the pool. We rea-
soned that the deletion of an essential gene from the chro-
mosome of a Keio strain would lead to the accumulation of
an “orphaned” substrate for the corresponding enzyme,
perhaps to concentrations in excess of 1 mM within the cy-
toplasm (~2 fL total volume). Concomitant overexpression
of a native protein from the ASKA library (concentration
>1 pM) would then facilitate the discovery of weak but
physiologically relevant catalytic activities.

Each of the 104 Keio strains was transformed with the
pooled plasmids of the ASKA library, plated on M9-
glucose (supplemented with IPTG to induce the overex-
pression of each ASKA-encoded gene), and incubated at
37 °C. Any colony that appeared in 4-5 weeks was ana-
lyzed by PCR and DNA sequencing to identify the ASKA
clone responsible for suppression. In 92 selections (88%),
the plasmid-borne copy of the chromosomally deleted gene
could effect colony formation. This is consistent with a pre-
vious study, in which 61% of the clones in the ASKA
library were soluble when overexpressed and purified (Ari-
fuzzaman et al. 2006). The implication is that only a minor-
ity of ASKA clones are inactivated by fusion to an N-
terminal (His)e tag and/or a C-terminal GFP tag.

As expected, the observed “self-complementation”
was usually rapid, with colonies appearing in 2-5 days.
Slower growing self-complementers included expression
from pCA24N-pdxH in the ApdxH strain (9 days to form
colonies); bioF/AbioF, cysD/AcysD, and cysN/AcysN (each
11 days to form colonies); metA/AmetA (16 days); and
glnA/AginA (29 days). In the latter strain, colonies express-
ing AsnB (asparagine synthetase) actually appeared more
rapidly (20 days) than those expressing the self-complementer,
suggesting that the tagged version of GInA (glutamine
synthetase) possesses substantially reduced catalytic activ-
ity. However, the primary focus of this study was the nu-
merous noncognate suppressors that were also discovered
(see below).

Retransformation Tests

To confirm the rescue phenotypes, plasmid DNA cor-
responding to each suppressor was purified from the (un-
pooled) ASKA collection. Naive cells of the rescued
Keio strain were transformed with the clonal plasmid prep-
arations, and the growth of transformants on M9-glucose—
IPTG plates was monitored. These retests were designed to
focus this study on monogenic, cell-autonomous suppres-
sors. Complex (multigene and/or multicell) suppression
mechanisms are important but were excluded from this ini-
tial survey. For example, proY, which is annotated as a cryp-
tic proline transporter (Keseler et al. 2005), was selected in
experiments with the AhisB, AhisH, and Ahisl strains.
However, it did not suppress these strains when retested
in the absence of neighboring cells expressing other
ASKA-encoded proteins. ProY apparently catalyzes histi-
dine transport in E. coli (rather than proline), but ProY-
expressing cells need an extracellular source of histidine
(e.g., from the AhisB strain harboring pCA24N-hisB) to
enable cell survival.

The retransformation tests also eliminated instances of
chromosomal suppression from our analysis. The minimal
medium used for retesting contained Cam, which ensured
that only cells containing the plasmid-encoded multicopy
suppressor were viable. A small population of transformed
cells (typically 100-1,000; median = 640) was plated, to
ensure that low-frequency chromosomal mutation events
were unlikely to be observed. In general, 100% of the plated
transformants formed colonies. In a few exceptional cases,
smaller numbers of colonies arose at uniform growth rates
across the plate. Each strain was transformed with
PCA24N-lacZ, and a similar number of transformants were
spread on a separate M9—glucose—IPTG plate; de novo
chromosomal suppressors were never observed under these
selection conditions. Overall, 55% of the putative suppres-
sors passed this stringent retesting process.

Diverse Mechanisms of Multicopy Suppression

Remarkably, the retransformation tests confirmed that
21 of the 104 strains (20%) could be rescued by ASKA
plasmids encoding a noncognate gene. Each of these strains
was rescued by 1-4 ASKA clones; in total, 41 examples of
suppression were identified (table 1). Most suppressors dis-
played specificity in their action: isogenic strains, each with
deletions in the same metabolic pathway, were rescued by
a common suppressor in only 3 cases (overexpression of
avtA suppressed the AilvD and AilvE lesions, menF sup-
pressed ApabA and ApabB, and yneH suppressed AserA
and AserC). Growth rates were highly variable, with colo-
nies taking 2-28 days to form (median = 6 days; supple-
mentary table 2, Supplementary Material online). In 6
cases, growth did not proceed beyond pinprick-sized colo-
nies, but all rescued strains grew significantly faster than the
corresponding negative control (i.e., the same strain ex-
pressing B-galactosidase from pCA24N-lacZ).

The suppressors in table 1 are grouped according to
their proposed mechanisms of rescue, which were assigned
using the EcoCyc database of E. coli genes and metabolic
pathways (Keseler et al. 2005). To our knowledge, only 8 of
the 41 cases had been described previously. These included
suppression of the AglyA, AilvA, AilvE, and AmetC auxo-
trophies by expression of the known isozymes LtaE (Liu
et al. 1998), TdcB (Datta et al. 1987), AvtA (Berg et al.
1988), and MalY (Awano et al. 2005), respectively. The
AglyA mutation was also suppressed by tdh, consistent with
a previous observation that g/lyA mutants can be rescued in
an epistatic, 2-step pathway catalyzed by the tdh and kbl
gene products (Aronson et al. 1989). MetR normally acti-
vates transcription of metE (Maxon et al. 1989), so it was
reassuring that IPTG-induced expression of MetE rescued
AmetR. Finally, PurK deficiency could be complemented
by overexpression of PurE, which follows PurK in the pu-
rine biosynthetic pathway. Depletion of the PurK reaction
product (due to PurE-catalyzed turnover) perturbs the equi-
librium in vivo and favors its spontaneous, nonenzymatic
formation (Firestine et al. 1994). Overall, these rediscov-
eries confirmed that the ASKA and Keio clones behave
like regular expression vectors and deletion mutants, respec-
tively, and that our less intuitive results cannot be ascribed to
any systematic peculiarity in plasmid or strain construction.



Table 1
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Multicopy Suppressors Rescue 21 Conditional Auxotrophs, via 8 Proposed Mechanisms

Strain Protein Deficiency MS Rescuing Gene Product
Isozyme overexpression

AglyA Glycine hydroxymethyltransferase ltaE L-allo-threonine aldolase

AilvA Threonine dehydratase (biosynthetic) tdcB Threonine dehydratase (catabolic)

AilvE Branched-chain amino acid transferase avtA Valine-pyruvate AT

AmetC Cystathionine B-lyase/cysteine desulfhydrase malY Cystathionine B-lyase/maltose regulon repressor
Substrate ambiguity

AglnA Glutamine synthetase asnB Asparagine synthetase

ApdxB Erythronate-4-phosphate dehydrogenase tdh Threonine dehydrogenase

AserB Phosphoserine phosphatase gph Phosphoglycolate phosphatase

AserB Phosphoserine phosphatase hisB IGP dehydratase/histidinol phosphate phosphatase

AserB Phosphoserine phosphatase ytjC Predicted bisphosphatase; uncharacterized
Ambiguity in metabolite transport

Afes Enterochelin esterase setB Predicted lactose/IPTG efflux transporter

AilvA Threonine dehydratase (biosynthetic) emrD Multidrug efflux transporter

Appc Phosphoenolpyruvate carboxylase ecfM Predicted extracytoplasmic factor; uncharacterized

Appc Phosphoenolpyruvate carboxylase yecT Predicted outer membrane protein; uncharacterized

Aptsl Carbohydrate PTS system, enzyme I fucP Fucose transporter

Aptsl Carbohydrate PTS system, enzyme I xylE Xylose transporter
Catalytic promiscuity

Afes Enterochelin esterase thiL Thiamine monophosphate kinase

AmetC Cystathionine B-lyase/cysteine desulfhydrase alr Alanine racemase

ApabA Aminodeoxychorismate synthase, small subunit menF Isochorismate synthase

ApabB Aminodeoxychorismate synthase, large subunit menF Isochorismate synthase

ApdxB Erythronate-4-phosphate dehydrogenase purF Glutamine PRPP amidotransferase

ApurK Carboxyaminoimidazole ribonucleotide synthetase anmK Anhydro-N-acetylmuramic acid kinase
Maintaining metabolic flux

AilvD Dihydroxy-acid dehydratase avtA Valine-pyruvate AT

ApurK Carboxyaminoimidazole ribonucleotide synthetase purE Carboxyaminoimidazole ribonucleotide mutase
Metabolic pathway bypass and/or alternate source of downstream substrate

AcarA Carbamoyl phosphate synthase, small subunit carB Carbamoyl phosphate synthase, large subunit

AglyA Glycine hydroxymethyltransferase tdh Threonine dehydrogenase

AglyA Glycine hydroxymethyltransferase yneH Predicted glutaminase; uncharacterized

AhisH IGP synthase; small subunit hisF IGP synthase; large subunit

ApabA Aminodeoxychorismate synthase, small subunit pabB Aminodeoxychorismate synthase, large subunit

Aptsl Carbohydrate PTS system, enzyme I galE UDP-glucose 4-epimerase

AserA Phosphoglycerate dehydrogenase yneH Predicted glutaminase; uncharacterized

AserC Phosphoserine AT/phosphohydroxythreonine AT yneH Predicted glutaminase; uncharacterized
Regulatory effects

AcarA Carbamoyl phosphate synthase, small subunit ygiT Predicted transcriptional regulator; uncharacterized

AglyA Glycine hydroxymethyltransferase rsd Anti-sigma factor

AmetC Cystathionine B-lyase/cysteine desulfhydrase fimE Recombinase for fimbrial phase switching

AmetR Transcriptional activator of methionine biosynthesis metE Homocysteine transmethylase

ApurK Carboxyaminoimidazole ribonucleotide synthetase cpdA Cyclic adenosine monophosphate phosphodiesterase
Unknown

AcarA Carbamoyl phosphate synthase, small subunit cho Stress (SOS)-induced endonuclease for DNA repair

AcarA Carbamoyl phosphate synthase, small subunit yncK Predicted transposase; uncharacterized

ApurF Glutamine PRPP amidotransferase chbA Carbohydrate phosphotransferase system, enzyme 11"

AyhhK Putative acetyltransferase murl Glutamate racemase

AyhhK Putative acetyltransferase purF Glutamine PRPP amidotransferase

Note.—MS, multicopy suppressor; AT, aminotransferase; IGP, imidazole glycerol phosphate; PRPP, phosphoribosylpyrophosphate; UDP, uridine diphosphate.

In 3 further experiments, overexpression of the large
subunit of a protein complex (CarB, HisF, and PabB) res-
cued strains in which the small subunit was deleted (AcarA,
AhisH, and ApabA). In each case, the large subunit is a
synthase, whereas the small subunit possesses glutaminase
activity. It has been reported previously that each large sub-
unit is able to function (albeit inefficiently) using exoge-
nous ammonia, rather than the ammonia generated by
small subunit—catalyzed glutamine hydrolysis (Rubino
etal. 1987; Ye et al. 1990; Klem and Davisson 1993). These

results therefore reflected the ready availability of free am-
monia from the M9 salts of the selection medium.

Suppression Does Not Imply Homology

It is becoming clear that the traditional “one enzyme,
one substrate” view of enzyme specificity does not reflect
biological reality (D’Ari and Casadesuis 1998; O’Brien and
Herschlag 1999; Khersonsky et al. 2006). Substrate ambi-
guity and catalytic promiscuity can provide starting points
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Table 2
All Instances of Structural Homology between Deleted
Proteins and Their Suppressors (out of 41 cases; table 1)

Deleted Protein Rescuing Protein P Value*
IIvA TdcB 313
GlyA LtaE 30.7
PabB MenF 28.7
MetC MalY 229
SerB Gph 15.1
SerB HisB 9.1

*A P value > 5.2 from the alignment was considered evidence of homology
(Ortiz et al. 2002).

for the evolution of new catalytic functions, both in nature
and in the laboratory. Studies of adaptive molecular evolu-
tion are often guided by structural similarities and differen-
ces among enzyme family and superfamily members
(Orengo and Thornton 2005; Glasner et al. 2007). There-
fore, we assessed structure-based superimpositions of each
deleted protein with its multifunctional suppressor (input
chains for each alignment are listed in supplementary table
3, Supplementary Material online). Significant structural
similarity was only detected for 6 of the 41 protein pairs
(table 2), 3 of which were pairs of isozymes. In the remain-
der of cases, the deleted protein and its suppressor were not
structural homologues.

The phosphoserine phosphatase, SerB, provides an il-
lustrative example. The AserB strain was rescued by over-
expression of Gph (phosphoglycolate phosphatase), HisB
(histidinol phosphate phosphatase), and YtjC. In vitro,
the homologous haloacid dehalogenase (HAD)-like phos-
phatases SerB and Gph possess overlapping specificities
(Kuznetsova et al. 2006), and in vivo, their metabolic
substrates are similar (fig. 1). We might therefore have pre-
dicted this result. The AserB mutation was also suppressed
by a third HAD-like phosphatase, HisB, even though this
enzyme showed no activity in vitro (Kuznetsova et al.
2006) and acts on a considerably bulkier substrate than
phosphoserine in histidine biosynthesis (fig. 1). This result
validated our application of highly sensitive genetic selec-
tions, rather than in vitro assays, to evaluate promiscuous
activities. Most unpredictably of all, the AserB strain was
rescued by YtjC, which is not a HAD-like phosphatase, but
which instead possesses limited sequence similarity to fruc-
tose-2,6-bisphosphatases. Moreover, cells expressing YtjC
formed colonies more rapidly (3 days) than those express-
ing the most “logical” suppressor, Gph (5 days).

In addition to enzymes, we also discovered examples
in which an overexpressed transport protein displayed sub-
strate ambiguity (table 1). In rescuing the Apts/ strain, for ex-
ample, it seems likely that the fucose and xylose transporters,
FucP and XylE, are importing glucose instead and thereby
enabling glucokinase-mediated cell survival in the absence
of a functioning carbohydrate phosphotransferase system.
The substrate ambiguity of transporter proteins is of practical
utility as it offers a means to introduce novel feedstocks or
pharmaceutical precursors into the cytoplasmic compartment.

Catalytic promiscuity might be expected to occur less
frequently than substrate ambiguity as it is predicated upon
a finer degree of molecular recognition—between the en-
zyme and 2 or more potentially unrelated transition states.

H,O  Phosphate

i u
HsN—CH-C—OH HaN—CH-C—OH
| SerB
(|:H2 CH,0H
OPOZ
H,O  Phosphate
[ I
CH,C—OH CHyC—OH
| 2. Gph |
OPO2 OH
H, ” Hp
H2N—C|)H—C —OPO; HZN—(l)H—C —OH
CH, H,0  Phosphate CH,
N)E LZ» N)E
HisB
\\—NH \\—NH

Fi6. 1.—Phosphatase substrate ambiguity. SerB is the phosphoserine
phosphatase that catalyzes the final step in the biosynthesis of serine from
3-phosphoglycerate (top). Deletion of serB can be rescued by expression
of 2 other HAD-like phosphatases: Gph, which hydrolyzes the phosphate
monoester 2-phosphoglycolate (middle), and HisB, which ordinarily
catalyzes the phosphorolysis of histidinol phosphate (bottom).

Nevertheless, 6 strains were rescued by catalytically pro-
miscuous enzymes (table 1). These examples run the gamut
from recently diverged enzymes that catalyze shared part
reactions (PabB and MenF; fig. 2) to nonhomologous en-
zymes that both utilize the cofactor pyridoxal 5’ -phosphate
(MetC and Alr) and to enzymes in which the promiscuous
activity appears to be completely serendipitous (PdxB and
PurF). None of these results were particularly intuitive.
Even in the case of promiscuous homologues, PabB (ami-
nodeoxychorismate synthase) appears mechanistically
more similar to TrpE (anthranilate synthase) than to the iso-
chorismate synthase, MenF (He et al. 2004). Moreover,
entC, encoding a second E. coli isochorismate synthase,
was not identified in the ApabB selection experiment. These
results demonstrate that even homologous isozymes (such
as MenF and EntC) can show important differences in their
promiscuous activities. Previous workers have demon-
strated that mutating enzymes to increase their catalytic pro-
miscuity can rescue otherwise auxotrophic E. coli (Jiirgens
et al. 2000; Schmidt et al. 2003). The promiscuous activity
of a purified wild-type enzyme is usually orders of magni-
tude less than its primary activity (O’Brien and Herschlag
1999). Here, we show than these weak activities are nev-
ertheless sufficient to overcome a number of chemically
distinct metabolic imbalances in vivo.

Implications for Directed Evolution

Our results demonstrate that the ambiguous and pro-
miscuous activities of proteins are often products of contin-
gency. Homology-based site-directed mutagenesis and
directed evolution can be used to test evolutionary hypoth-
eses, but the functional interconversion of paralogs remains
challenging (Jiirgens et al. 2000; Hedstrom 2002; Schmidt
et al. 2003). In contrast, examples such as the suppression
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FiG. 2.—Catalytic promiscuity among chorismate-utilizing enzymes. PabB catalyzes the formation of 4-amino-4-deoxychorismate; the ApabB
strain can be rescued by expression of its homologue, MenF (isochorismate synthase). The 2 enzymes act via a common intermediate, generated in an
Sn2’ mechanism that leads to addition of a nucleophile at C2, with concomitant elimination of the C4 hydroxyl group (He et al. 2004). In PabB, the
nucleophile is the e-amino group of an active site lysine; the result is a covalent intermediate. In MenF, the nucleophile is assumed to be water, although
its isozyme, EntC, can also utilize ammonia. Our results suggest that product release by MenF is sufficiently slow that ammonia can enter the active site
and effect a second Sn2’ displacement, yielding aminodeoxychorismate in quantities that enable cell survival in the absence of PabB.

of AserB by ytjC suggest that functional convergence of
otherwise unrelated protein scaffolds can be readily
achieved. The ASKA library encodes a vast assortment
of protein folds and offers an unbiased starting point for
directed evolution. ORF library—based evolution experi-
ments are also intrinsically less contrived than those based
on semirationally chosen single genes and should provide
greater insight into natural adaptive processes.

Conclusion

We have conducted the first quantitative survey of en-
zymatic ambiguity and promiscuity. Even under stringent
selection conditions, many genetic lesions could be sup-
pressed by the overexpression of preexisting genes. We
have used the EcoCyc database to propose possible mech-
anisms by which the suppressors act (table 1); future studies
will explore specific examples in greater biochemical and
genetic detail. In spite of the comprehensive annotation of
the E. coli genome, the majority of these secondary activ-
ities were previously undiscovered. It has been postulated
that, compared with extant enzymes, primitive catalysts
possessed very broad specificity and that gene duplication
afforded the “luxury of increased specialization and im-
proved metabolic efficiency” (Jensen 1976). Here we have
demonstrated that contemporary enzymes remain surpris-
ingly broad in reaction specificity. This general property
of proteins enhances metabolic robustness and generates
the seeds of evolutionary innovation, as it has since primor-
dial times.

Supplementary Material

Supplementary tables 1-3 are available at Molec-
ular Biology and FEvolution online (http://www.mbe.
oxfordjournals.org/).
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