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Enzyme promiscuity toward substrates has been discussed in
evolutionary terms as providing the flexibility to adapt to novel
environments. In the present work, we describe an approach to-
ward exploring such enzyme promiscuity in the space of a meta-
bolic network. This approach leverages genome-scale models,
which have been widely used for predicting growth phenotypes
in various environments or following a genetic perturbation; how-
ever, these predictions occasionally fail. Failed predictions of gene
essentiality offer an opportunity for targeting biological discovery,
suggesting the presence of unknown underground pathways
stemming from enzymatic cross-reactivity. We demonstrate a
workflow that couples constraint-based modeling and bioinfor-
matic tools with KO strain analysis and adaptive laboratory evo-
lution for the purpose of predicting promiscuity at the genome
scale. Three cases of genes that are incorrectly predicted as essen-
tial in Escherichia coli—aspC, argD, and gltA—are examined, and
isozyme functions are uncovered for each to a different extent.
Seven isozyme functions based on genetic and transcriptional ev-
idence are suggested between the genes aspC and tyrB, argD and
astC, gabT and puuE, and gltA and prpC. This study demonstrates
how a targeted model-driven approach to discovery can system-
atically fill knowledge gaps, characterize underground metabo-
lism, and elucidate regulatory mechanisms of adaptation in
response to gene KO perturbations.

underground metabolism | substrate promiscuity | systems biology |
isozyme discovery | genome-scale modeling

The notion that enzymes are highly specialized to carry out
a single function is often untrue. It has been demonstrated

that many enzymes exhibit flexibility, or promiscuity, in regard to
what substrates their catalytic pockets recognize. This lack of
substrate specificity can lead to accuracy-rate tradeoffs that may
affect evolutionary trajectories (1). How has enzyme promiscuity
shaped the evolution and divergence of organisms? The “patch-
work” model theorizes that primitive enzymes possessed a high
degree of substrate promiscuity because it conferred a greater de-
gree of catalytic versatility when the pool of available enzymes was
limited (2–5). The existence of promiscuous proteins further serves
as a starting point for evolving new functions, allowing for novel
adaptations. Thus, organisms may exhibit latent, underground
metabolic pathways that form the basis of their capacity to adapt to
changing environments (6–8). Substrate promiscuity, also referred
to as “moonlighting activity” and “cross-reactivity,” has thus been
studied in terms of evolution, and ties have been made between
enzymes and their superfamilies (9). How novel enzyme functions
arise within superfamilies is thus examined, and provides a basis for
predicting promiscuous behavior among these protein families.
However, defining targets for studies of promiscuity outside of
these families and on a larger scale can become quite challenging.
Enzyme promiscuity has become widely accepted and exam-

ined on the enzyme level from a biochemical standpoint (10).
These detailed biochemical studies provide an in vitro view of
enzyme promiscuity and may be extended to reflect the promiscuity

of other proteins based on sequence homology or enzyme familial
relationships. In the present study, this task is approached from
a different perspective by taking advantage of in vivo experimental
techniques to gain insight into activities that are more physiologi-
cally relevant. In this way, as has been demonstrated in other in
vivo studies, many of the challenges associated with removing
enzymes from their native environment are circumvented (8).
Specifically, the present study focuses on examination of the reg-
ulatory and evolutionary capacity of a cell in vivo. Theories re-
garding genome duplications have suggested that an enzyme with
a side activity that is selected for may be enhanced via gene du-
plication followed by mutation accumulation (11). Thus, laboratory
evolutions may provide insight into these evolutionary mechanisms
involving enzyme promiscuity. Furthermore, exploration of an
underground metabolic network that takes advantage of enzyme
cross-reactivity through native regulatory adaptations is best ex-
amined in the context of a whole cell (6, 8).
A top-down, model-driven approach coupled with in vivo ex-

perimentation to explore enzyme promiscuity could provide new
insights into the physiological role of underground metabolism
and complement the current approaches to enzyme research.
Computational predictions of gene essentiality are a commonly
used application of genome-scale models and constraint-based
modeling (12, 13). When these models fail to predict gene es-
sentiality, it signifies a missing link in our knowledge of metab-
olism and provides targets for further exploration (14). Various
computational algorithms, including SMILEY and GrowMatch,
have been published with the intent of reconciling such knowledge
gaps (15, 16). The following is a proof-of-principle study that
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demonstrates the advantages of a workflow for examining pro-
miscuity at the genome scale that also encompasses an adaptive
laboratory evolution (ALE) framework. Three cases are ex-
plored to illustrate the capabilities of such a targeted, top-down
approach to uncover the underground, latent activities of
enzymes that reconcile gaps in our knowledge of metabolism.

Results and Discussion
Developing a Model-Driven Workflow for Isozyme Discovery. The
results from this study demonstrated that a top-down systems
approach could be used to drive the discovery of enzyme sub-
strate promiscuity by using three genes, aspC, argD, and gltA, that
were incorrectly identified to be essential as inputs. The isozyme
discovery workflow presented in this study is a prime example of
targeted analysis based on systems-level insights (Fig. 1).
The first step in the isozyme discovery workflow was to identify

the targets for exploration. These targets come from performing
flux balance analysis (FBA) gene essentiality simulations in
Escherichia coli using the iJO1366 metabolic reconstruction
(17, 18). When discussing computational gene essentiality pre-
dictions, the term “false-negative prediction” refers to a situation in
which a gene is predicted to be essential but is experimentally ob-
served to be nonessential. This type of prediction failure can stem
from lack of knowledge of an alternate pathway or isozyme (14). All
genes associated with false-negative predictions in iJO1366 were
identified, and those genes with high-confidence candidate iso-
zymes, based on sequence homology, were used as examples for this
study. To identify potential isozymes based on sequence homology,
the National Center for Biotechnology Information’s BLASTp al-
gorithm (19) was run for each protein sequence (results are sum-
marized in Table S1). An expect (E) value of <1E-40 and high-
sequence identity percentage were used as cutoffs for candidates.
Following identification of false-negative targets and potential

isozymes, experiments were conducted to determine which iso-
zyme candidate might explain the modeling failure. The KO
strain corresponding to the false-negative target was examined.
Growth on glucose minimal medium of the KO strain was con-
firmed. It was then hypothesized that an isozyme was compen-
sating for the lost function of the primary gene that was knocked
out. This hypothesis was tested by exploring expression of the
putative isozymes in the primary KO strain. RT-quantitative PCR
(qPCR) analysis was performed, and if an isozyme candidate was
up-regulated, the next step in the workflow was followed (Fig. 1).
Following confirmation of up-regulation of the candidate iso-

zyme, a double-KO (DKO) strain was constructed. It was thus
hypothesized that removal of the up-regulated isozyme candidate
would lead to a synthetic lethal interaction if there remained no
other isozymes. The next step in the workflow was to test the
growth of the DKO strain and confirm a synthetic lethal in-
teraction. If a synthetic lethal interaction was verified following at
least 1 wk of incubation, then the isozyme was deemed to be
correctly identified based on genetic and transcriptional evidence.
A possible deviation from the above steps is also taken into con-
sideration in this study. For example, if a DKO strain was not
lethal, the possibility of an alternate isozyme was explored. The
following sections describe the specific workflows followed for the
three false-negative cases examined in this study (Fig. S1).
Implementation of this workflow resulted in three main find-

ings: (i) discovery of seven isozyme associations and adaptive
regulatory mechanisms for partially characterized enzymes in
E. coli; (ii) development of an enzyme substrate promiscuity
discovery tool that can easily be extended to fill other knowledge
gaps in E. coli, as well as in other organisms; and (iii) the es-
tablishment of a more rigorous assessment of lethality with
longer growth incubations to prevent false statements of lethal-
ity, particularly for high-throughput screens.

Case 1: aspC–Asp Aminotransferase. The Asp aminotransferase in
E. coli, encoded by the gene aspC, has been characterized as a
broad-substrate, multifunctional enzyme that catalyzes the for-
mation of Asp, Phe, and Tyr (20). Early studies have drawn links
to the overlapping functions of the aminotransferases encoded
by aspC, tyrB, and ilvE (21). The aromatic aminotransferase
encoded by tyrB has shown activity in the synthesis of Phe, Tyr,
and Leu (22), whereas the branched-chain aminotransferase,
encoded by ilvE, has been associated with the synthesis of Ile,
Leu, and Val (23). Previous studies reported that aspC KO
strains are viable in both rich media and glucose minimal me-
dium (24); however, iJO1366 model simulations predicted no
growth on minimal medium. Given this false-negative prediction,
BLASTp was then used and results pointed to tyrB as an isozyme
candidate (Table S1).

Identify False
Negative (FN)

Predictions
& Isozyme

Candidate(s)

Yes

No

RT-qPCR
of Candidate

Isozyme
Gene(s)

Isozyme Discovery Workflow

Does KO
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Candidate(s)

Construct Multi
KO Strain

No

Candidate(s)
are

Likely Isozyme(s)

Yes
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Does KO
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Minimal
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Supplement &
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to Growth
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using ALE

Identify a
Substrate for

Growth Rescue

Add new
GPR(s) to 
iJO1366

in vivo Experiment

Fig. 1. Schematic of the general workflow used for isozyme discovery in-
volving both in vivo and in silico experiments. Starting from the topmost box,
false-negative model predictions and isozyme candidates were identified using
FBA and BLASTp. The workflow was then followed vertically downward, ex-
amining KO strain growth, expression levels of candidate isozyme genes, and
multi-KO strain phenotypes. Deviations from the schematic occurred when
growth discrepancies were encountered. The workflow was terminated once
a synthetic lethal interaction of a false-negative gene and isozyme candidate(s)
was identified. The output was enzymatic activities characterized and added
to the current genome-scale model reconstruction of E. coli.
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Initial growth tests were performed to verify reports of non-
essentiality. The growth data for the ΔaspC strain are illustrated
in Fig. 2B. Growth of the ΔtyrB strain was also validated in this
study. Following completion of initial growth characterizations,
RT-qPCR analysis of the tyrB isozyme target was performed in
the ΔaspC and WT strains. qPCR analysis showed up-regulation
of tyrB in the ΔaspC strain, with a fold change of 4.7 compared
with the WT strain (Fig. 2A). Therefore, the next step in the
workflow was followed, and construction of the ΔaspCΔtyrB
DKO strain was performed. Growth of the ΔaspCΔtyrB strain
was monitored (Fig. 2B) and the ΔaspCΔtyrB KO pair was
deemed synthetically lethal based on this genetic evidence.
Therefore, successful execution of the workflow identified the
isozyme link between aspC and tyrB.
A secondary result of executing this method was the discovery

of an association between ilvE and L-Tyr biosynthesis. Efforts
were placed on finding amino acid supplements that would en-
able growth of the ΔaspCΔtyrB strain to validate the functions of
this interrelated trio of genes further. Growth characterizations
were performed using various combinations of amino acid sup-
plementation, including L-Asp, L-Tyr, L-Phe, and L-Leu. Gene
KO simulations of growth on glucose plus supplementation of all
combinations of the aspC- and tyrB-associated amino acids
resulted in an expected requirement of Asp and Tyr for growth
rescue of the ΔaspCΔtyrB strain (Table S2). Experimental
observations, however, showed that only Asp was required for
growth rescue. It was therefore speculated that the aminotrans-
ferase encoded by ilvE was fulfilling the role of Tyr synthesis.
The enzyme encoded by ilvE has shown some, although minimal,
specific activity with Phe and Tyr in an in vitro assay (23). Thus,
the overlapping in vivo functionality of these aminotransferases,
aspC, tyrB, and ilvE, appeared to be greater than previously
expected.
Finally, to examine the possibility of acquired mutations in the

strains constructed in this study, genome resequencing was per-
formed for the ΔaspC and ΔtyrB strains (25). A summary of the
output for these strains is shown in Table S3. The ΔaspC and

ΔtyrB strains showed no apparent mutations in the coding
regions of the related isozymes examined.
From the study of the aspC false-negative target, it was pro-

posed that two functions should be considered to occur in E. coli
K-12: (i) the annotated Tyr aminotransferase, tyrB, apart from
being the “aromatic amino acid” aminotransferase, can also
perform the role of Asp aminotransferase, and (ii) the Ile
aminotransferase, ilvE, apart from being the “branched-chain
amino acid” aminotransferase, can also perform the role of
Tyr aminotransferase.

Case 2: argD–Acetylornithine Aminotransferase/N-Succinyldiamino-
pimelate Aminotransferase. Another member of a generalist en-
zymatic class (7) explored in this study was the enzyme encoded
by the gene argD. This aminotransferase was previously identi-
fied as having dual functionality, involved in both Lys and Arg
biosynthesis (26). The argD gene is predicted to be an essential
gene because of its role in amino acid synthesis; however, KO
studies have repeatedly shown the nonessentiality of this gene
on glucose minimal medium (24). The putative isozyme tar-
gets explored for acetylornithine/N-succinyldiaminopimelate
aminotransferase based on sequence homology were astC, gabT,
patA, and puuE.
Initial examination of the growth of a ΔargD strain was per-

formed. Following this confirmation of growth, RT-qPCR anal-
ysis was performed to examine the expression of isozyme
candidate genes in the ΔargD strain compared with a WT strain
(Fig. 3A). The candidate genes astC and gabT showed the
greatest fold difference from WT in expression: 3.97-fold and
4.06-fold, respectively. The up-regulation of these two genes
prompted the construction of two DKO strains, ΔargDΔastC and
ΔargDΔgabT. Of the two, ΔargDΔastC was the DKO strain ini-
tially chosen for examination due to a previously drawn relation-
ship (27). The growth exhibited by this strain is displayed in Fig.
3B. The ΔargDΔastC strain demonstrated only a mild difference in
growth fitness compared with the ΔargD strain; therefore, further
analysis of the remaining candidates was performed.

A

B

Fig. 2. Workflow-guided results used to discover isozymes of aspC. (A) Bar
chart of the qPCR results in terms of normalized expression of the tyrB iso-
zyme candidate in the ΔaspC and WT strains (SE ratio was calculated: P <
0.05; n = 1, two biological duplicates and six technical replicates). A fold
increase of 4.8 is observed in the ΔaspC strain compared with WT. (B)
Growth data on glucose minimal medium in terms of cellular density is
reported for ΔaspC and ΔaspCΔtyrB strains. The ΔaspCΔtyrB strain shows no
growth for >150 h. DW, dry weight.

A

B

Fig. 3. Workflow-guided results used to discover isozymes for argD. (A) Bar
chart of the relative expression, compared with WT, of candidate isozyme
genes in the SKO, DKO, and TKO strains shows up-regulation that guided
the multi-KO strain construction (SE ratio was calculated: P < 0.05; n = 1, two
biological duplicates and six technical replicates). Note that puuE was not
up-regulated until the construction of the ΔargDΔastCΔgabT TKO strain. (B)
Growth data on glucose minimal medium in terms of cellular density are
reported for the four strains iteratively constructed as guided by the work-
flow. The last strain constructed, ΔargDΔastCΔgabTΔpuuE, continued to
show no growth after 700 h of incubation.
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A second round of RT-qPCR was performed on the ΔargDΔastC
DKO strain to identify isozyme candidates further. The gene gabT
continued to be up-regulated in this DKO strain, with a relative
expression ratio of 4.22 (Fig. 3A). This result led to the construction
of a triple-knockout (TKO) strain, ΔargDΔastCΔgabT. A significant
reduction in growth fitness was observed in the TKO strain, with an
exhibited lag phase of ∼24 h (Fig. 3B). The eventual growth of the
strain suggested the need for further examination of the remaining
two candidates, puuE and patA.
A third round of RT-qPCR was performed on the constructed

TKO strain. Although the puuE gene had been down-regulated
in the SKO and DKO strains compared with the WT strain
(relative expression ratios of 0.24 and 0.18, respectively), qPCR
showed its up-regulation in the TKO strain (Fig. 3A). A relative
expression ratio of 7.00 was found for the puuE gene, thereby
prompting the construction of a quadruple-KO (QKO) strain.
The strain ΔargDΔastCΔgabTΔpuuE was screened for growth
for more than 4 wk in multiple attempts, and a conclusion of
lethality was made. This result closed the experimental loop in
the workflow. As a final validation, all remaining DKO and TKO
combinations were constructed and their growth was validated to
ensure the synthetic lethal interaction was as expected (Fig. S2A).
The results from examining isozymes of argD suggested the

presence of a regulatory hierarchy regarding isozyme activation
that emerged following serial KO and expression analysis of the
multi-KO strains. The mechanisms influencing this regulatory
response are suggested as an avenue for further study beyond the
scope of work presented here.
To examine the possibility of acquired mutations in the strains

constructed and used in this study, genome resequencing and
analysis were performed for ΔargD, ΔpuuE, and their descendent
TKO strains. A summary of the results for these strains is pro-
vided in Table S3. The only obvious mutation of interest was that
of the new junction call at puuR/puuC in the ΔargDΔastCΔgabT
TKO strain. Further read-depth coverage analysis of this region
revealed a 962-bp deletion between 1,360,264 and 1,361,226 bp,
deleting a large section of the puuR gene (Fig. S2B). The genes
puuR and puuC are both in the same operon as the isozyme puuE
explored in this study, with puuR acting as a repressor for this
operon under conditions of low putrescine concentration (28).
A potential mechanism for the large up-regulation of the puuE

isozyme in the TKO strain is elucidated from a structural analysis
of the repressor protein, puuR. The puuR DNA-binding tran-
scriptional repressor consists of two domains, namely, a helix–
turn–helix DNA-binding domain and a Cupin-family domain
(28). Using the high number of homologous templates available,
a homology model was constructed from the amino acid se-
quence of the puuR gene via the available toolkits (29–31) (with
an average confidence of 97% across templates; Fig. S2C). The
resulting structure demonstrates that the observed deletion in
the Cupin domain from the read-depth coverage analysis is in
direct contact with the helix–turn–helix motif in the DNA-
binding domain. Thus, it was concluded that removing this part
of the protein would drastically compromise protein integrity
and prevent DNA binding, and, consequently, the ability of the
puuR protein to repress the puuE gene.
Finally, examination of this case demonstrated the potential

importance of extending incubation times in essentiality screens.
Often, in high-throughput datasets, growth cutoff times are made
for the sake of analysis (24, 32, 33), which could lead to misleading
reports of essentiality. This study provided initial data on a range
for incubation times required to make essentiality calls with higher
accuracy. For the ΔargDΔastCΔgabT TKO strain, longer lag
phases than those lag phrases typically observed in E. coli were
measured. Interestingly, mutations were observed that were im-
plicated in rescuing the growth and loss of the primary enzyme(s)
under examination. As strain resequencing becomes more acces-
sible, it is possible that similar mutations acquired during extended

lag phases will be observed (34). As demonstrated here, strains
exhibiting delayed or slow growth may present an interesting op-
portunity for discovery.

Case 3: gltA–Citrate Synthase. The last false-negative case exam-
ined in this study was the growth of a citrate synthase, gltA, KO
strain. Previous studies demonstrated the ability of a 2-methyl-
citrate synthase to perform the same catalytic function as citrate
synthase and suggested that mutagenesis is required for this
transition to take place (35). Independently, using the approach
presented here, a BLASTp analysis also pointed to prpC as
a putative isozyme based on sequence homology. This case was
thereby examined as a final validating case, demonstrating the
up-regulation of an isozyme in the absence of the primary
catalyzing enzyme.
Upon initial characterization of a ΔgltA strain, the strain did

not grow on minimal medium despite the fact that it was listed as
a positive growth phenotype in the initial Keio screen (24). Thus,
the case could be considered a true-negative prediction; how-
ever, given the strong evidence for a possible homolog (Table
S1), as well as previous literature reports (35), this case was
further explored. Adaptive laboratory evolution was used to see
if the putative isozyme, prpC, could indeed rescue a gltA-de-
ficient strain when a selective pressure was applied. To promote
growth, a “weaning” ALE was performed (36). FBA was con-
ducted to determine which metabolite could be added to the
medium to rescue growth (Table S4). It was predicted that
supplementation with citrate would allow for utilization of glu-
cose and support growth. Although other supplements were
predicted to improve growth, citrate was selected due to its close
relation to the citrate synthase reaction, as well as the inability of
E. coli to use citrate as its sole carbon source, thereby forcing
metabolism of glucose (37). The ΔgltA was therefore grown with
citrate supplementation in two parallel ALE experiments.
Growth was observed in ΔgltA ALE experiment 1 (ALE 1) and
ΔgltA ALE 2 with supplementation, and following two passages,
robust growth was observed without supplementation (Fig. 4A).
The final apparent cell densities for each ALE experiment
showed approximate eightfold and sixfold increases (ALE 1 and
ALE 2, respectively) from the initial supplemented state.
Expression analysis of the evolved end points showed signifi-

cant up-regulation (more than 500-fold difference) of the iso-
zyme target, prpC, thereby providing evidence of its isozyme
function and allowing for a linear progression through the
workflow (Fig. 4B). Furthermore, the growth rate of each isolate
clone correlated well with the expression level of prpC (Fig.
S3D). Following observation of these results, an attempt was
made to knock out prpC from the four end-point clones. Although
KO confirmation primers suggested successful removal of the
prpC gene, the strains continued to demonstrate growth. This
positive growth result suggested the possibility of duplication of
the prpC gene elsewhere in the genome. Therefore, in-depth,
whole-genome resequencing and analysis were performed.
Two clones from each experiment, ΔgltA from ALE 1 and

ΔgltA from ALE 2, were isolated and resequenced along with the
parent ΔgltA Keio strain. Resequencing results revealed the
possibility of new junction evidence and mutations within the prp
operon (Table S3) for three of the four end-point isolates.
Further analysis showed elevated read coverage of the region
between 279 and 371 kb in the ALE end-point clones but not in
the ΔgltA parent strain (Fig. S3B). The same coverage abnor-
mality was also confirmed in ALE clones isolated from the third
flask of the ALE experiments (the experiments consisted of 8
flasks total) (Fig. S3A). A single relevant novel junction was then
identified by applying a custom pipeline based on de novo
fragment assembly, providing significant evidence for tandem
duplication. The presence of the junction was further verified in
all end-point isolates by performing read mapping onto the
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corresponding sequence. The duplicated region was flanked by
a 182-bp repeat, which is a part of the IS30 mobile element. The
rightmost flanking copy is not present in the GenBank reference
K-12 strain (38) and is unique to the Keio K-12 parent strain.
Furthermore, plots from Fig. S3 clearly suggest high multiplicity
of the 100-kb duplicated fragment. To perform the copy number
analysis, per base coverage data were normalized to the average
coverage of the particular strain and to the position-specific
biases, inferred from the Keio parent strain coverage distribution
(Fig. S3C). Then, the multiplicity was estimated by the median of
the normalized coverage values across the duplicated region.
Predicted multiplicities of the duplicated region are 7, 11, 16,
and 8 for the different clones, respectively. Finally, analysis of
novel junctions also predicted a smaller scale, 1-kb duplication
event in ALE 1 clone 1. The genome coordinates of this dupli-
cation are 348,810–349,895, spanning part of the prpC gene and
encompassed by the larger scale 100-kb duplication as well.
The results from the coverage and whole-genome resequenc-

ing analysis helped to explain the inability to construct the DKO
strain. Based on the suspected high copy number of duplication,
it was deemed unreasonable to knock out all copies of the prpC
gene, and the experimental workflow was concluded. Thus, given
the transcriptional and mutational evidence, it is likely that the
prpC gene is indeed an isozyme for gltA, as has previously been
reported. Furthermore, these results expand upon the theories
surrounding previous reports of genome duplication amplifica-
tions as an evolutionary mechanism (11, 34).
Insight into biological adaptability requiring evolution was

thus gained from exploring the presence of large-scale duplica-
tions. The mutation event was required to rescue growth and
activate the known isozyme, prpC, similar to a previous study
(35). This mutation event occurred after two ALE passages in
this study (Fig. S3). Interestingly, all four individual end-point
clones, as well as the two clones from pass 3 that were isolated
and sequenced, exhibited the same large-scale duplication of the
100-kb region, thereby implying a clear evolutionary pressure to
up-regulate this particular region. Published theories regarding
genome duplication amplifications have remarked on the instability
of large duplications and their subsequent loss in the absence of
selection pressures (11). Thus, although the duplications were

detected after the third passage and, again, after the eighth
passage, they could be lost with further adaptation.

Gene–Protein-Reaction Analysis and Conservation of Isozymes Across
55 Related Strains. Inconsistencies between in silico predictions
and in vivo data guided this study and resulted in the discovery of
seven links between known, partially characterized enzymes and
reactions that are conditionally essential to the metabolic net-
work in E. coli. Suggested changes to the gene–protein-reaction
(GPR) associations in iJO1366 based on genetic and transcrip-
tional evidence are presented in Fig. 5 (reaction abbreviations
are provided in Table S5). The expanded reaction associations
for the cases examined in this study support the hypothesis that
functional overlap occurs for enzymes across metabolism,
forming the basis of an underground metabolic network, and this
concept has been supported by other recent works (6, 8).
As a preliminary expansion of this study, the conservation of

the newly discovered isozymes in 55 closely related strains of
E. coli and Shigella that have existing metabolic models was in-
vestigated (39). It was determined that the same GPR changes
should be made in the majority of these models. However, some
of the putative isozymes discovered in this study have no corre-
sponding gene in the related strains (Fig. S4). For example, eight
Shigella strains examined are lacking prpC, the gltA isozyme.
Also, 14 E. coli strains from different clades lack puuE, one of
newly discovered argD isozymes. Finally, five of the Shigella
strains lack astC, another one of the argD isozymes. Therefore,
new GPR associations are available for each of the 55 models,
but they must be adjusted in a strain-specific manner. Further-
more, analysis of isozyme and regulatory region sequence con-
servation between different strains of E. coli could illuminate
divergent evolutionary strategies in the E. coli species.

Conclusions
Enzymatic promiscuity and a cell’s ability to adapt to genetic
perturbations were explored in the execution of the model-
driven workflow developed in this study. The results suggest that
a hierarchy of latent metabolic solutions exists, as highlighted by
the analysis of the false-negative argD. Furthermore, this study
emphasized the possibility of discovering novel regulatory re-
sponses following long-term culturing studies and genome re-
sequencing when determining gene essentiality. Lastly, the
developed methods can be readily extended to other organ-
isms and gene targets where gap-filling is required. For ex-
ample, a gap-filling study using the E. coli iJO1366 metabolic

A

B

Fig. 4. Workflow-guided results used to discover isozymes of gltA. (A) Cellular
density results from the ALE of ΔgltA on glucose minimal medium are illus-
trated. A vertical drop in cellular density corresponds to manual passaging of
a fraction of the cell culture for a fresh batch of medium. The independent ALE
experiments reached a different apparent final density. (B) Bar chart shows
qPCR results as a fold increase in expression of the prpC isozyme candidate in
four ALE end-point clones in relation to a WT strain (SE ratio was calculated:
P < 0.05; n = 1, two biological duplicates and six technical replicates).
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Fig. 5. Summary of GPR associations to be added to the E. coli metabolic
network reconstruction iJO1366 based on findings from three cases: gltA,
aspC, and argD. Proposed associations are highlighted in red. (A) GPR
additions for tyrB and ilvE. (B) GPR additions for the quadruple synthetic
lethal interaction set. (C) GPR for gltA and prpC highlights the requirement
of evolution or mutagenesis for the suggested association. Reaction abbre-
viations are from the iJO1366 reconstruction.
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reconstruction has identified a total of 265 false-negative pre-
dictions (corresponding to 59 unique genes), which could be
explored under various environmental and genetic conditions
(14). The extendability of this work to pathogenic organisms
could be particularly advantageous in searching for antimicrobial
targets. As genome-scale models and organism-specific knowl-
edge bases expand, their ability to predict biological behavior for
both basic science and biotechnology applications will increase.
This likely expansion is evident in the appearance of comple-
mentary studies (8) that use computational modeling to isolate
specific predicted functionalities through gene KO or over-
expression and through determining media conditions that focus
pressure on the predicted function(s). A comparison of the
present study with the aforementioned study (8) shows some
overlap between genes explored and thought to exhibit un-
derground activity (ilvE and tyrB), although the suggested ac-
tivities reported in each study for these genes are distinct.
Workflows for discovering promiscuous and latent activities,
such as the one presented here, will be critical for advancement
of model-driven science.
Although the strengths of the presented method were dem-

onstrated with the cases explored in this study, there is room for
improvement to broaden the applicability of the workflow. For
false-negative model gaps, there is the possibility that an alter-
nate pathway is rescuing the growth of the cell. For such alter-
nate pathway solutions, isozyme analysis could result in fruitless
effort because those solutions are not captured by the workflow.
Another area of improvement proposed for the workflow is in
selecting bioinformatic algorithms. There are many enzymes for
which BLASTp, a purely sequence homology-driven algorithm,
will not result in the identification of candidate isozymes. To

expand this list of putative isozymes, the use of protein structure
similarity or substrate structure similarity identifying algorithms
is suggested (40). Finally, the utilization of RNA-sequencing or
other larger scale “omics” methods could capture a more com-
plete picture of transcriptional changes in response to KO per-
turbations rather than qPCR analysis. These modifications to the
workflow presented may result in a more robust method for
filling model gaps that can be applied to other organisms as well.

Materials and Methods
The isozyme discovery workflow presented in this study was executed utilizing
materials andmethods that are described in detail in SIMaterials andMethods.
FBA simulations and bioinformatics tools used to identify false negative tar-
gets and corresponding isozyme candidates as well as predict nutrient sup-
plementation are described in SI Materials and Methods. The qPCR protocol
utilized to analyze up-regulation of candidate isozymes in strains examined is
described in SI Materials and Methods. KO strains constructed in this study and
their associated parent Keio (24) strains are summarized in Table S6. Culture
conditions and growth characterizations on M9 minimal medium are de-
scribed in SI Materials andMethods. Furthermore, details regarding the ALE by
weaning off of supplementation are provided in SI Materials and Methods.
Genome resequencing was performed to assess the accumulation of mutations
in the strains characterized on glucose minimal medium in comparison to the
parent strains grown on rich medium. The details related to the construction
of paired-end resequencing libraries as well as associated mutation analysis is
described in SI Materials and Methods.
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