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Abstract
Background: Although much is understood about the enzymatic cascades that underlie cellular biosynthesis,
comparatively little is known about the rules that determine their cellular organization. We performed a detailed
analysis of the localization of E.coli GFP-tagged enzymes for cells growing exponentially.
Results: We found that out of 857 globular enzymes, at least 219 have a discrete punctuate localization in the
cytoplasm and catalyze the first or the last reaction in 60% of biosynthetic pathways. A graph-theoretic analysis of E.
coli’s metabolic network shows that localized enzymes, in contrast to non-localized ones, form a tree-like hierarchical
structure, have a higher within-group connectivity, and are traversed by a higher number of feed-forward and feedback
loops than their non-localized counterparts. A Gene Ontology analysis of these enzymes reveals an enrichment of terms
related to essential metabolic functions in growing cells. Given that these findings suggest a distinct metabolic role for
localization, we studied the dynamics of cellular localization of the cell wall synthesizing enzymes in B. subtilis and found
that enzymes localize during exponential growth but not during stationary growth.
Conclusions: We conclude that active biochemical pathways inside the cytoplasm are organized spatially following a
rule where their first or their last enzymes localize to effectively connect the different active pathways and thus could
reflect the activity state of the cell’s metabolic network.
Keywords: Metabolism, Enzyme localization, Fluorescent imaging, Metabolic network, Enzymatic activity, Metabolic
pathways, Bacteria

Background
Recent advances in bacterial biology have shown that cells
contain a highly organized cytoplasm composed of cytoskeleton and internal compartments [1]. The image of a
cell as a “bag of enzymes” has given way to a view where
molecules and proteins localize at the right time in the
right place in order to perform their necessary functions;
however, enzymes involved in the most basic metabolic
functions are generally thought to be freely diffusing in the
cytoplasm. An exception is the well studied chemotaxis
pathway, where advanced microscopic techniques have revealed that proteins self-assemble stochastically in clusters
whose function has only been theorized [2,3]. Conversely,
the biochemical reactions that underlie metabolic functions in cells are well understood [4], and have been
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reproduced in vitro [5,6]; nevertheless, aside from a few
exceptions where enzymes form macromolecular complexes [7-9], little is known about the cellular organization
of enzymes.
It is possible that the existence of large multi-enzyme
complexes, as opposed to freely diffusing enzymes,
could either be determined by constraints limited to
highly specialized reactions, or a general mechanism
used throughout the cell to achieve a generic metabolic
function. Supporting the latter option, the hypothesis
of metabolic channeling proposes that reaction products in a metabolic pathway move from one active site
to another within tightly associated multi-enzyme complexes. Such organization may possess several kinetic
advantages for the cell [10,11]; for instance, this compact geometry could prevent metabolic intermediates
from diffusing away (i.e. substrate channeling), or increase
the metabolic flux through the pathway. Several examples
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such as the asparagine and tryptophan synthases [12,13],
carbon fixation enzymes [7,14], polyketide synthases [15]
or the porphyrin [16] and phycoerythrobilin [17] synthesis
pathways support the existence of substrate channeling
and formation of multi-enzyme complexes in bacteria.
One major caveat of the metabolic channeling hypothesis
is the inherent rigidity of a multi-enzymatic complex,
making any mutation dissociating parts of the tight complex potentially prone to reduce or eliminate its enzymatic
activity.
In order to determine if enzyme localization is a generic
and functionally relevant property of enzymatic reactions
in cells, we studied the distribution of genome-wide GFPtagged enzymes in E.coli cells growing exponentially. We
found that 25% of known cytoplasmic enzymes show a
discrete punctuate localization in the cytoplasm. When
the E.coli biosynthetic pathways were organized into
Elementary Flux Patterns (EFPs), we observed a significant
preference for the first or last enzyme in such EFP-defined
pathways to be localized and that localized enzymes form
a tree-like hierarchical structure with higher within-group
connectivity.

Results
E.coli enzymes in the first and last position of pathways
preferentially localize to cytoplasmic foci

The complex organization of the bacterial cytoplasm
suggests that enzymes could, not only freely diffuse, but
also show spatial ordering in the cytoplasm. To explore
the rules of putative enzymatic organization, we took advantage of the images of A complete Set of E.coli K-12
ORF Archive (ASKA) library of GFP-tagged ORF clones
[18] displayed on the GenoBase database to study the
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cytoplasmic distribution of E.coli biosynthetic enzymes.
We used the images displayed on GenoBase representing
E.coli cultures growing exponentially and expressing
each a protein whose C-terminus was fused to a GFP
(see Methods). The putative introduction of localization
artifacts by GFP-tags [19] was minimized by restricting
our analysis to globular enzymes, excluding membranebound proteins, and by carefully chosing controls for the
statistical analysis. Based on the localization classification shown in GenoBase we compiled the presence of
219 enzymes in the list of 516 non-membrane bound fusions that showed GFP focal distribution (see Sup. Mat
for a complete definition of the list). As the KEGG
collection, a set of manually drawn pathway maps indicating molecular interactions and reactions networks,
indicates that E.coli K-12 MG1655 has 857 enzymes involved in known metabolic reactions, at least 25% of the
enzymes in E.coli cells growing exponentially show a
discrete punctuate localization at diverse locations of the
cytoplasm (see Figure 1A & Additional file 1: Figure S1).
Also, from the 86 E.coli metabolic pathways defined in
KEGG, 59 showed at least one enzyme localized and the
number of localized enzymes scaled linearly with pathway length (see Figure 1B, R2 = 0.98).
Due to the high connectivity of metabolic reactions, it is
difficult to uniquely assign pathway positions to enzymes.
We decided to analyze the position of localized enzymes
organizing biochemical pathways from a genome-scale
metabolic network of E. coli [20] into Elementary Flux
Patterns (EFP) [21]. EFPs are sets of reactions defining balanced physiological fluxes through a particular subsystem
of metabolism and correspond to basic metabolic routes
[22]. EFPs define the intersection of biological and flux

Figure 1 Localization of enzymes in E. coli pathways. A. Images of localized enzymes from glycolysis and TCA cycle. In the diagram, indicated in
green are the reactions for which the associated enzyme localizes and in blue reactions where enzymes are diffuse. Triangle indicates amino-acids,
square carbohydrates, circles for other metabolites. B. Log-log plot of the number of localized enzymes against the number of reactions in a
pathway – pathway length– for the 59 pathways showing localized enzymes (Pearson correlation is 0.98). Inside. Distribution of the ratio of pathway
length to number of localized enzymes, mean value is 7.1.
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Figure 2 Localization of first and last enzymes in E.coli EFPs. A. pentose phosphate pathway (PPP) is used to illustrate the construction of
elementary flux patterns from E.coli biochemical pathways. Localized enzymes and their associated images are shown in green. Two subsystems are
considered –sub1 and sub2– and correspond to the oxidative and reversible parts of the PPP. B. These subsystems lead to four EFPs. The end-product
of EFPs b, c, d, are metabolites that feed into glycolysis. Enzymes are indicated by blue arrows with their associated gene names. Localized enzymes are
shown in green and diffuse enzymes in blue. Black squares are carbohydrates and circles indicate other metabolites, both identified by numbers in the
legend. : 1. Glucose-6-phosphate 2. 6-phosphogluconolactone 3. 6-phosphogluconate 4. ribulose-5-phosphate 5. xylulose- 5-phosphate 6. ribose-5phosphate 7. Glyceraldehyde-3-phosphate 8. Sedoheptulose- 7-phosphate 9. Erythrose-4-phosphate 10. Fructose-6-phosphate 11. 2-Dehydro-3-deoxy
gluconate-6-phosphate. C. Distribution of EFP lengths when at least one enzyme localized (full dots) and when more than one enzyme localized
(open dots). D. Ratio that first OR last enzyme are localized to number of Elementary Flux Patterns (EFP) for lengths of 3 to 12 reactions (green),
calculated ratio for randomly chosen enzymes (blue) and by randomization of localized enzymes (red). Dotted arrows represent pathways 1&2
connected via localized reactions E. Ratio that first AND last enzyme are localized to EFP length (green), calculated ratio for randomly chosen enzymes
(blue) and by randomization of localized enzymes (red).

related properties of pathways. For example we show in
Figure 2 how the Pentose Phosphate Pathway (PPP) would
be decomposed into four EFPs, based on the definition of
two sub-systems corresponding to the oxidative and reversible part of the PPP.
We considered 725 E.coli EFPs composed of 3 to 12
reactions per EFP, from 27 different biochemical pathways including nucleotide, amino acid, nitrogen, central
and alternate carbon metabolism, as defined in [21]. 529
EFPs had at least one enzyme localized, 126 reactions
were catalyzed by localized enzymes in the first position
of the EFP, 226 by localized enzymes in the last EFP position and 228 with at least one localized enzyme in an
intermediary position. Finally 33 EFPs showed the first
and the last enzymes to be localized (see Additional file
2: Table S1 & Figure 2 for EFP details). In order to

obtain an estimate of the over-representation of localized
enzymes in the first and last positions of the 529 EFPs,
we computed for a given EFP length, the ratio of the
number of EFPs having the first or the last enzyme localized to the total number of same-length EFPs having at
least one enzyme localized (Figure 2D green line). We
then compared this value to a null hypothesis consisting
of the same ratio now computed on each of the 529
EFPs having the position of the localized enzymes permutated 10000 times at random (Figure 2D red line).
We also calculated the ratio that randomly chosen enzymes localize in the first or last step (see Methods and
plotted in Figure 2D blue). Figure 2D shows that for
pathways composed of 3 to 9 reactions, the ratio of localizing enzymes in the first or last position is higher
than 50%. The p-values associated to the null
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distribution confirm this observation, excepting reactions of length 5 (see Additional file 3: Table S2). Interestingly, a plateau of significant high localization ratio
values is reached for longer pathways composed of 7–9
reactions.
We likewise computed for the subset of 222 EFPs that
had two or more localized enzymes, the ratio of having
the first and the last enzymes localized to the number of
reactions for a given EFP length (Figure 2E green line)
and generated the null hypothesis distributions by
randomization of EFPs (Figure 2E red line) or by calculating the ratio that randomly chosen enzymes localize
in the first and last step (described in Methods and plotted in Figure 2E blue). Figure 2E shows that for intermediate pathways composed of 6 to 9 reactions, the
ratio of localizing enzymes in the first or last position is
high. Note that EFPs having 3–5 reactions are just by
chance prone to show enzyme localization in the first
and last reaction and hence the p-values were not significant (see Additional file 3: Table S2). Interestingly,
the most significant ratio was reached for pathways composed of 7–9 reactions, an interval including the number
of mean localized enzymes per pathway (Figure 1B inset).
Around 60% of EFPs (319 out of 529) have either the
first or the last enzyme localized and 33 EFPs have both
enzymes localized. This indicates an important role for
the start or end position of pathways that might underlie
enzymatic regulatory strategies.
Localized enzymes form a tree-like sub-network of highly
interconnected nodes in E.coli’s metabolic network

Enzyme localization is present in most pathways of the
E.coli metabolic network (Figure 1B & Additional file 1:
Figure S1) and is prevalent in the first and last position
(Figure 2D). In order to explore the properties of these localized enzymes when considering the complete E.coli set
of metabolic reactions, we constructed a metabolic network
using the KEGG definitions of compounds, reactions and
enzymes (see Methods). The metabolic network is described
by an asymmetric Boolean square matrix Mij of 1214
unique reactions where each reaction is associated to an enzyme and a non-zero matrix value mij = 1 indicates that the
reaction i feeds into reaction j by producing a compound
used by reaction j (see Additional file 4: Figure S2A). While
trying to differentiate nodes of 189 reactions catalyzed by
localized enzymes from 1025 others, we plotted for each
node the number of outcoming reactions against the number of incoming reactions (Additional file 4: Figure S2B).
Localized enzymes were found at low and high-connected
nodes varying from 1 to 50, but no significant differences
were found in the distributions of incoming or outcoming
reactions, nor in length of shortest paths, when considering
localized and non-localized enzymes (Additional file 4:
Figure S2B insets). However, when the two classes where
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considered separately (Figure 3A left & Additional file 4:
Figure S2B green and blue), we observed that localized reactions have a significantly higher probability to establish
within-group connections (wgc) than non-localized ones
have (0.0177 vs 0.0076 t-test z-score = 9.32 for a distribution choosing random nodes as shown in the right diagram
of Figure 3A). Interestingly, this higher within-group connectivity does not result in higher within-group structure as
localized reactions form less triangulations among themselves than localized ones, hence displaying a more tree-like
hierarchical structure of connections (see green nodes left
diagram Figure 3A and Additional file 4: Figure S2A). Triangulations were measured by the clustering coefficient,
yielding 0.36 vs 0.5 for localized and non-localized reactions
respectively (Kolmogorov-Smirnov, KS test. p-value < 1E12, see Methods for details on scaffold triangulations for
clustering coefficient).
Localized enzymes are associated to loop-dense nodes in
E.coli’s metabolic network

We next quantified the number of n-step loops encompassing each reaction in the full connectivity matrix, in
order to further characterize the network structure with
a measure of functional relevance [23]. For reaction i
this is given by [Mn]ii, the diagonal value of the matrix
raised to the nth power. Note that, unlike the computation of the clustering coefficient, here we considered the
direction of connections, so that feedback and feedforward loops can be distinguished. In Figure 3B we
compared the distributions of [Mn]ii 2 ≤ n ≤ 7 for reactions catalyzed by localized and non-localized enzymes.
The table in Figure 3B shows that the KS test comparing
these distributions for 3,4 and 6 step loops have a statistically significant difference (KS test, p-value < 0.05).
This is also reflected in the distributions of 3 & 4-loops
(Figure 3B right top), and the distributions for feedforward 3 & 4-loops (FFL 3&4 Figure 3B right bottom),
for this last one the p-value is very close to being statistically significant. A measure of the FFL3-loops and FFL4loops for each node i is given by [MMTM]ii and
[MMTMMT]ii. Furthermore we explored the possibility
that the set of nodes defined by localized enzymes has a
higher mean loop density than the rest of the nodes.
Loop density is defined as [Mn]ii normalized to the number of connections per node – given by [MMT]ii – for
reactions catalyzed by localized and non-localized enzymes. We compared the difference in mean loop density in the nodes derived from 189 reactions catalyzed by
localized enzymes to nodes derived from 1025 reactions
catalyzed by non-localized enzymes to the null hypothesis distribution generated by randomly choosing 105
times 189 reactions in the E.coli metabolic network, and
calculating each time the mean loop density difference
to the remaining 1025 reactions (see diagram Figure 3A
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Figure 3 Localized enzymes form a tree-like loop-dense network A matrix representing the connectivity of the 1214 different biochemical
reactions of E.coli was constructed (see Additional file 1: Figure S1B). A. Left Diagram illustrating the clustering (cls) and within-group connectivity
(wgc) of localized (green) and non-localized (blue) enzymes. Red edges represent inter-group connections. Dotted arrows represent pathways 1 &
2 connected via localized reactions. Right Diagram illustrates the distribution of randomly selected nodes constructed to compare mean loop
density with nodes from localized enzymes. B. Left. Associated p-values of the KS-test for higher number of loops in nodes derived from localized
enzymes compared to non- localized ones. Right. Four plots showing the Log-scale distributions of the number of loops for each node in
localized (green) and non-localized (blue) enzymes. The type of loop is indicated top right. C. Table shows the associated p-values for higher
number of loops per connection in nodes derived from localized enzymes compared to nodes chosen randomly.

right). The table in Figure 3C displays the associated
p-values for this null-hypothesis showing a significant
higher density of 3 to 6 loops and FF3-4 loops in nodes
derived from localized enzymes compared to nodes
chosen randomly.
In summary, our analysis shows that localized reactions,
while having a higher density of connections among themselves than non-localized ones, have a less rich and more
tree-like internal structure. However, these localized reactions have a relatively higher density of feed-forward and
feedback loops across the entire network, product of the
larger number of motifs they establish with non-localized
ones (Additional file 4: Figure S2A red dots). As it might
seem paradoxical that localized enzymes form a tree-like
structure but also have a higher loop density in the entire

network, we decided to explore the nature of loops containing localized and non-localized enzymes. We found that
the number of triangles composed of 1 localized enzyme
and 2 non-localized enzymes is twice the number of triangles composed of 2 localized and 1 non-localized enzyme.
This ratio is 3.6 (statistically significantly different, t-test pvalue < 1E-14) when calculated on degree-preserving surrogate networks, where the nodes have the same number of
connections as the original network, but higher-order
structures are destroyed (see Methods). This explains how
localized enzymes have a higher loop density as triangles
formed by 2 localized and 1 non-localized enzymes are almost twice as many as would be naively expected. The left
diagram of Figure 3A summarizes the observed properties
of localized enzymes in E.coli metabolic network.
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Enzyme localization is dynamic and correlates with strong
catalytic activity

In order to understand the role of enzyme localization,
we performed a gene ontology (GO) enrichment analysis
of the list of localized enzymes. Significantly enriched GO
terms related to enzymatic functions that are essential for
growth, the top ones being nucleotide, ion, ATP and
amino acid binding as well as ubiquinone synthesis
(Table 1). Ubiquinone plays a vital role in the electron
transport chain and is necessary for normal growth under
aerobic conditions [24]. A review of the organization of
the amino-acid biosynthetic pathways reveals that 15 out
of the 20 pathways have at least one enzyme localized to a
cytoplasmic locus and for the 5 amino acids left (alanine,
aspartic acid, isoleucine, tyrosine and valine) the pathways
consist of only one dedicated enzyme.
As the significant list of GO terms reflects enzymatic
activities necessary for E.coli cells growing exponentially,
we decided to test whether enzyme localization would
vary in different growth conditions. We studied the dynamics of cellular organization in exponential and stationary growth in the bacterium B. subtilis. Due to its
larger size, B. subtilis has emerged as an excellent model
organism for bacterial cytology and in particular to study
the very well conserved set of cell wall synthesizing enzymes [25]. We fluorescently tagged the cytoplasmically
localized set of enzymes MurABCDEFG (see Additional
files 5 and 6: Text S7&S8 Plasmids & Strains) and observed that the fluorescent signal from these fusions
showed a diffuse localization in the cytoplasm except for
the first enzyme MurA-CFP and the last enzyme MurGGFP (see Figure 4A). In up to 70% of exponentially
growing cells from 10 experiments performed in the
strain JDB1925, MurA-CFP forms a bright fluorescent
spot per cell (Figure 4A&C), localizing principally at
septa (39 ± 5% of at least 100 cells), lateral walls (21 ±

5%), poles (29 ± 5%) and in a few cases cytoplasmically
(11 ± 5%). In strain JDB2501 MurG-GFP expressed during exponential growth also localized and in strain
JDB2840 cells expressing both MurA-CFP/MurG-GFP
show co-localization of both proteins (Figure 4A). This
shows that the distribution of the cell wall synthesis enzymes in E.coli as shown in Additional file 1: Figure S1B
is conserved in B.subtilis and in both organisms only
MurA and MurG show specific localization.
Cells continue to grow exponentially until nutrients become scarce and as their growth rate diminishes they enter
a phase of stationary growth. We monitored the transition
from exponential to stationary growth by measuring in at
least 10 different experiments, optical densities in B.subtilis cell cultures strain JDB2840 expressing MurA-CFP
(Figure 4C black line in graph) and counted cells showing
MurA-CFP localization (Figure 4C blue line in graph). For
the first two hours of exponential growth up to 70% of the
cells showed MurA-CFP localization, but as cells transitioned to stationary growth the percentage of cells showing MurA-CFP localization plummeted to almost none
(Figure 4C images and blue line in graph). Exponentially
growing cells divide rapidly and need to synthesize cell
wall, hence MurA and MurG enzymes localize when cell
wall synthesis is most required. Conversely, as stationary
cells grow slower they synthesize less cell wall and MurA
and MurG become diffuse in the cytoplasm (see diagram
in Figure 4B). This observation sustains the possibility that
localization might underlie an enzymatic regulatory strategy where enzymes localize and concentrate in single foci
during periods of high catalytic activity and become diffuse
during periods of low activity. Localizing the first and last
enzymes of a pathway could be an advantageous strategy
to restrict the initial and end products to a reduced volume and also putatively concentrate the whole set of reactions (see diagram in Figure 4B) [26].

Table 1 Table of enriched gene ontology categories
Gene ontology enrichment analysis

Enzymes

Localized enzymes

Expected

P-values fisher’s exact test

Nucleotide binding

438

46

25

2.11E-05

Manganese ion binding

70

14

4

3.08E-05

Magnesium ion binding

170

23

10

8.06E-05

ATP binding

427

43

25

1.15E-04

Ubiquinone synthesis

18

6

1

3.49E-04

Amino acid binding

18

6

1

3.49E-04

5′-nucleotidase activity

4

3

0.2

7.19E-04

Chemotaxis

22

6

1.3

1.16E-03

L-lyxose metabolism

5

3

0.3

1.72E-03

Lyase activity

80

12

4.6

1.79E-03

Fatty acid biosynthesis

17

5

1

2.10E-03

Table of enriched GO categories for E.coli enzymes showing GFP localization under exponential growth. First column shows the category, second column the
number of enzymes in that category, third column the number of enzymes from the list of 219 localized ones that are in the category, fourth column is the
number of enzymes in the category expected by chance and the fifth column is the p-value calculated as the Fisher exact test.
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Figure 4 Localization dynamics of cell wall synthesis enzymes. A. Red arrow indicates a cell where MurA-CFP (left) and MurG-GFP (middle)
colocalize as shown in the overlaid image (right) together with membrane dye (red). B. Model for organization of enzymes from the cell wall
synthesis pathway going from a diffuse localization during stationary growth to a discrete concentration of MurA and MurG during exponential
growth. C. Left images, Timecourse distribution of enzyme MurA-CFP in B.subtilis during exponential and stationary growth. Right graph,
percentage of cells showing over time localized MurA-CFP (blue, right axis) compared to the culture optical density (black, left axis).

Discussion
We studied the sub-cellular cytoplasmic distribution of E.
coli enzymes in exponentially growing cells from images
in a library of GFP-tagged proteins and found that at least
219 of the 857 known E.coli enzymes, instead of being diffusively dispersed, show focal localization.
Enzyme localization is determined by cell’s metabolic state

Fluorescence imaging of B.subtilis enzymes from the
cytoplasmic part of the cell wall synthesis pathway
revealed that their localization can be dynamic. MurA
and MurG –the first and the last enzyme of this pathway
respectively– concentrate to the same locus during exponential growth and are diffuse during stationary
growth (Figure 4). The concentration of these enzymes to
a cytoplasmic lieu may reflect their active catalytic state, as
during exponential growth cell wall is heavily synthesized
and its production is low during stationary growth. The
enriched GO terms from E.coli localizing enzymes also reflect the set of active enzymes in exponentially growing
cells as included are amino acid, ATP and ion binding
terms, as well as ubiquitone synthesis, all essential during
rapid aerobic growth (see Table 1). In support of this idea,
it has recently been shown in eukaryotes that in absence of
intra-cellular purine [27], adenine or glutamine [28]
enzymes of these metabolic pathways form insoluble

assemblies and distinct cytoplasmic foci. The formation
and dissolution of these punctuate foci is controlled by the
absence or presence of nutrients, but the origin of their
sub-cellular localization as for the remaining enzymes in
this study, has seldom been characterized [29,30].
Reconstruction of the E.coli metabolic network also reveals that localized enzymes indicate nodes that play an
important role in metabolic activity as they are traversed
by more loops (Figure 3). Just like a node with high number of connections, loop number and loop density can be
seen as a measure of a higher local flux derived from the
network structure. With this in mind, one could
hypothesize that in order to rapidly adapt to environmental or cellular changes like fluctuations in enzyme levels,
the metabolic network activity is efficiently modified via
changes of its local properties. A theoretical study supports this view by stating that local network morphology
should be reflected in the temporal propagation –here
changes in enzyme localization– of the response to an external perturbation [31]. In this view a specific set of localized enzymes could mirror the current metabolic activity
of the network by defining sets of highly active nodes.
Metabolic adaptability via enzyme localization

Intriguingly, although a considerable subset of enzymes
localize, not all do. The temporal study of the cell wall
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synthesis pathway has shown that only two of its enzymes localize, which was further corroborated for a
large set of metabolic pathways as one out of seven reactions localize in E.coli growing exponentially (Figure 1B).
Why only 25% of enzymes localize in the cell’s cytoplasm
and preferentially the first and last?
One answer relies on the highly inter-connected network of localized enzymes organized in a tree-like structure (Figure 3A). This topology effectively interconnects
different pathways of E.coli metabolism by organizing
the metabolic network into sets of pathways bordered
and connected via localized enzymes (Figure 3A). Another answer derives from considering two extreme alternatives for the organization of metabolic reactions in
the cell cytoplasm; either all enzymes are bound together
in a tight biochemical complex, or they diffuse freely
without interacting with each other. In the first case, the
substrates would be “channeled” within the supraenzymatic complex; in the second option, the formation
for each step of the pathway of a catalytic Michaelis
complex between the enzyme-substrate couple and its
dissolution after the modification of the substrate would
ensure the chemical order of the reaction steps. In a biochemical complex composed of the first and last enzyme
of the pathway, intermediary substrates and enzymes of
the reaction may still be concentrated around the localized enzymes (see Figure 4B). This observed configuration could conserve the advantages of concentrating
substrate and enzyme to enhance the reaction rates
[32,33] and regulate spatially the reactions to avoid
cross-talk between the myriad chemical reactions that
occur simultaneously in a living cell [34]. Further advantages sustaining the strategy of regulating the first and
last enzyme of a pathway have been described for transcriptionally sparsely regulated metabolic pathways
where it is shown to reduce the cost of protein production while maintaining the ability to rapidly respond to
environment changes [21]. It is also supported by the
notion that variations in intermediate metabolites in a
linear pathway are statistically independent [31] underlying the important strategy of regulating the first and
last node.

Conclusions
In conclusion, we here show for the first time that enzyme localization follows strict rules that could be a
measure of E.coli’s metabolic state and the topology of
the metabolic network while bringing regulatory and
catalytic advantages. Localized enzymes in E.coli also
interconnect metabolic pathways and - as seen for the
cell wall synthesis in B.subtilis – may organize them
spatially in complexes through mechanisms yet to be
understood. Finally, regulation of enzyme localization in
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the cytoplasm could be used in higher-order biota as a
general strategy to optimize cell metabolism.

Methods
Genobase images (http://ecoli.aist-nara.ac.jp/GB6/search.jsp)

Expression of the cloned ORF is under the control of an
IPTG-inducible promoter, which is strictly repressed by
lacIq repressor gene product. The strain is without deletion of the corresponding wild-type chromosomal coding
DNA sequences (CDSs). Genobase Images were generated
using the ASKA library and obtained from E.coli cultures
growing exponentially and expressing each an enzyme
fused C-terminally to a GFP (NO addition of 0.1 mM
IPTG). E.coli K-12 W3110 strain has 4364 ORFs, 4351
were tagged with a C-terminal GFP fusion and established
as plasmid clones as ASKA library. As indicated in the
ASKA website, 516 fusions showed GFP focal distribution,
2874 were shown to be around the whole cell, 390 showed
membrane distribution, 103 showed both membrane and
focal pattern and 355 showed no GFP signal.
Fluorescence microscopy

For B.subtilis cultures growing exponentially in DSM
medium at 37°C, 100 μl of cells were taken at designated
times. To stain membranes, 0.5 μl of FM4-64 (100 mg/ml)
was added to samples just before the cells were collected
by centrifugation. The pellet was resuspended in 10 μl
PBS, and added to a poly-L-lysine pre-treated coverslip.
All microscopy was performed on a Nikon Eclipse 90i
with a 100X objective using phase contrast and captured
by a Hamamatsu Orca-ER camera using Nikon Elements
BR software. Exposure for GFP, CFP and TRITC was
400 ms for all pictures taken.
Metabolic network analysis

We used the 86 metabolic pathways of E.coli defined in
KEGG and extracted 1214 unique reactions ordered by
their R00000 number (see file Additional file 7: Text S1).
Using the KEGG definitions of compounds, reactions and
enzymes where each reaction compounds and reversibility/irreversibility are defined (see files Additional file 8:
Text S5 for definition of reversible reactions, Additional
file 9: Text S4 and Additional file 10: Text S6 for irreversible reactions), we built an asymmetric Boolean square
matrix Mij of 1214 unique reactions where each reaction
is associated to an enzyme and a non-zero matrix value
Mij = 1 indicates that the reaction i feeds into reaction j by
producing a compound used by reaction j. We excluded
compounds that had more than 60 connections (C00001,
H2O to C00022, pyruvate) and used the list of localized
genes from Genobase defined by gene numbers b0000
(see file Additional file 11: Text S2) to define the 189 localized reactions (see file Additional file 12: Text S3). Scaffold
triangulations were calculated using an adapted Matlab
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code from here. Degree preserving random wiring of network was performed as in [35] using an adapted Matlab
code from here.
Calculating the null hypothesis for the probability of
enzyme localization

The probability that the enzyme that catalyzes the first
of L reactions in an Elementary Flux Pattern (EFP), given
that there are k localized enzymes in that EFP is given
by:


L−1
k−1
k
Pð1st localizedjk; LÞ ¼   ¼ ;
L
L
k
If we call q(k;L) the probability that there are k enzymes localized in any position in an EFP of length L,
then the probability that the first enzyme is localized is
Pð1st localizedjLÞ ¼
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The same expression holds for the probability that the
last reaction is catalyzed by a localized enzyme:
Pðlast localizedjLÞ ¼

L
X
k

L
k¼1

Additional files
Additional file 1: Figures S1. A. Images from localized enzymes from
the ASKA library, gene names are indicated for each image. B. Images
and diagram of localized enzymes from the Cell Wall synthesis pathway.
C. Images and diagram of localized enzymes from the leucine pathway.
In the diagrams, indicated in green are the reactions for which the
associated enzyme localizes and in blue reactions where enzymes are
diffuse. Triangle indicates amino-acids, square carbohydrates, circles for
other metabolites.
Additional file 2: Table S1. List of Elementary Flux Patterns. List of 435
EFPs with at least one enzyme localized. Each line defines a different EFP
and the E.coli gene numbers b0000 of the enzymes catalyzing the
reactions are indicated following the EFP reaction order from left to right;
when a gene number is not available, the reaction name is given instead.
The list of 219 localized enzymes is indicated in the file Additional file 11:
Text S2. Note that some of the EFPs used in the analysis translate into
the same gene-set, not repeated here.
Additional file 3: Table S2. Table of p-values for localized enzymes.
Indicated are the p-values obtained for the probability dependent on
varying EFP length (first column) of having the first or last enzyme localized
(second column), the first and last enzyme localized (third column).
Additional file 4: Figure S2. A. Matrix representing 1214 reactions, dots
are present when two reactions are connected via a commonly shared
compound but none of the enzymes associated to the reactions are
localized (blue), at least one of the enzymes is localized (red), both
enzymes are localized (green). B. Each dot represents the number of
outcoming reactions plotted in Log-Log scale against the number of
incoming reactions for a particular enzyme. Nodes derived from localized
enzymes are shown in green, non-localized enzymes in blue. Boxes
represent the associated distributions of the number of incoming/outcoming
connections per node normalized to its degree, the normalized histograms
are top for outcoming reactions and bottom for incoming reactions, green
line is for localized enzymes, blue non-localized.
Additional file 5: Text S7. Plasmids&Strains construction.
Additional file 6: Text S8. Plasmids&Strains description.

qðk; LÞ:

Additional file 7: Text S1. All reactions R-numbers for all used reactions.

The probability that the first and last are localized,
given that there are k localized enzymes in an EFP of
length L is
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Additional file 8: Text S5. REV Definition of Reversible reactions by
compound C-number. The first two columns are the reactants and the
last two columns are the products. C000 is a placeholder for the absence
of compound.
Additional file 9: Text S4. LR Definition of Left-Right reactions by
compound C-number. The first two columns are the reactants and the
last two columns are the products. C000 is a placeholder for the absence
of compound.
Additional file 10: Text S6. RL Definition of Right-Left reactions by
compound C-number. The first two columns are the reactants and the
last two columns are the products. C000 is a placeholder for the absence
of compound.
Additional file 11: Text S2. Loc genes b-numbers for localized genes.

Therefore the probability that the first and last are localized given that the EFP is of length L is
Pð1st and last localizedjLÞ ¼

L
X
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Finally, the probability that the first or the last reaction
is localized is equal to:
Pð 1st or lastjLÞ ¼ Pð1st jLÞ þ PðlastjLÞ−Pð1st and lastjLÞ
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Additional file 12: Text S3. Loc reactions R-numbers for reactions
catalyzed by enzymes from genes defined in Text S2_Loc_genes.

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
PM designed, performed the experiments, calculations and wrote the
manuscript. GC, GS participated in the analysis and in writing the manuscript.
All authors read and approved the final manuscript.
Acknowledgements
We want to thank Jonathan Dworkin (College of Physicians and Surgeons
Columbia University) for sharing his laboratory space for B.subtilis
experiments and Greg Boel for indicating Genobase. P.M was partially
funded by the Helen Hay Whitney Foundation. As this article went to press

Meyer et al. BMC Systems Biology (2014) 8:131

we became aware of a related study describing a theoretical for formation of
enzymatic foci. Castellana M, Wilson MZ, Yu Y, Joshi P, Cristea IM, Rabinowitz
JD, Gitai Z, Wingreen NS. (2014) Enzyme clustering accelerates processing of
intermediates through metabolic channeling. Nat. Biotechnol. 32(10):1011-8.
Received: 3 June 2014 Accepted: 18 November 2014

References
1. Morris DM, Jensen GJ: Toward a biomechanical understanding of whole
bacterial cells. Annu Rev Biochem 2008, 77:583–613.
2. Berg HC, Purcell EM: Physics of chemoreception. Biophys J 1977,
20:193–219.
3. Bray D, Levin MD, Morton-Firth CJ: Receptor clustering as a cellular
mechanism to control sensitivity. Nature 1998, 393:85–88.
4. Heinrich R, Rapoport TA: A linear steady-state treatment of enzymatic
chains. general properties, control and effector strength. Eur J Biochem
1974, 42:89–95.
5. Rohwer JM, Meadow ND, Roseman S, Westerhoff HV, Postma PW:
Understanding glucose transport by the bacterial phosphoenolpyruvate:
glycose phosphotransferase system on the basis of kinetic
measurements in vitro. J Biol Chem 2000, 275:34909–34921.
6. Szczesiul M, Wampler DE: Regulation of a metabolic system in vitro:
synthesis of threonine from aspartic acid. Biochemistry 1976,
15:2236–2244.
7. Savage DF, Afonso B, Chen AH, Silver PA: Spatially ordered dynamics of
the bacterial carbon fixation machinery. Science 2010, 327:1258–1261.
8. Straight PD, Fischbach MA, Walsh CT, Rudner DZ, Kolter R: A singular
enzymatic megacomplex from Bacillus subtilis. Proc Natl Acad Sci U S A
2007, 104:305–310.
9. Komeili A, Li Z, Newman DK, Jensen GJ: Magnetosomes are cell
membrane invaginations organized by the actin-like protein MamK.
Science 2006, 311:242–245.
10. Spivey HO, Ovadi J: Substrate channeling. Methods 1999, 19:306–321.
11. Srere PA: Complexes of sequential metabolic enzymes. Annu Rev Biochem
1987, 56:89–124.
12. Dunn MF, Niks D, Ngo H, Barends TR, Schlichting I: Tryptophan synthase:
the workings of a channeling nanomachine. Trends Biochem Sci 2008,
33:254–264.
13. Huang X, Holden HM, Raushel FM: Channeling of substrates and
intermediates in enzyme-catalyzed reactions. Annu Rev Biochem 2001,
70:149–180.
14. Iancu CV, Ding HJ, Morris DM, Dias DP, Gonzales AD, Martino A, Jensen GJ:
The structure of isolated Synechococcus strain WH8102 carboxysomes
as revealed by electron cryotomography. J Mol Biol 2007, 372:764–773.
15. Finking R, Marahiel MA: Biosynthesis of nonribosomal peptides1. Annu Rev
Microbiol 2004, 58:453–488.
16. Luer C, Schauer S, Mobius K, Schulze J, Schubert WD, Heinz DW, Jahn D,
Moser J: Complex formation between glutamyl-tRNA reductase and
glutamate-1-semialdehyde 2,1-aminomutase in Escherichia coli during
the initial reactions of porphyrin biosynthesis. J Biol Chem 2005,
280:18568–18572.
17. Dammeyer T, Frankenberg-Dinkel N: Insights into phycoerythrobilin
biosynthesis point toward metabolic channeling. J Biol Chem 2006,
281:27081–27089.
18. Kitagawa M, Ara T, Arifuzzaman M, Ioka-Nakamichi T, Inamoto E,
Toyonaga H, Mori H: Complete set of ORF clones of Escherichia coli ASKA
library (a complete set of E. coli K-12 ORF archive): unique resources for
biological research. DNA Res 2005, 12:291–299.
19. Landgraf D, Okumus B, Chien P, Baker TA, Paulsson J: Segregation of
molecules at cell division reveals native protein localization. Nat Methods
2012, 9:480–482.
20. Feist AM, Henry CS, Reed JL, Krummenacker M, Joyce AR, Karp PD,
Broadbelt LJ, Hatzimanikatis V, Palsson BO: A genome-scale metabolic
reconstruction for Escherichia coli K-12 MG1655 that accounts for 1260
ORFs and thermodynamic information. Mol Syst Biol 2007, 3:121.
21. Wessely F, Bartl M, Guthke R, Li P, Schuster S, Kaleta C: Optimal regulatory
strategies for metabolic pathways in Escherichia coli depending on
protein costs. Mol Syst Biol 2011, 7:515.

Page 10 of 10

22. Kaleta C, de Figueiredo LF, Schuster S: Can the whole be less than the
sum of its parts? pathway analysis in genome-scale metabolic networks
using elementary flux patterns. Genome Res 2009, 19:1872–1883.
23. Ma’ayan A, Cecchi GA, Wagner J, Rao AR, Iyengar R, Stolovitzky G: Ordered
cyclic motifs contribute to dynamic stability in biological and
engineered networks. Proc Natl Acad Sci U S A 2008, 105:19235–19240.
24. Cox GB, Newton NA, Gibson F, Snoswell AM, Hamilton JA: The function of
ubiquinone in Escherichia coli. Biochem J 1970, 117:551–562.
25. van Heijenoort J: Recent advances in the formation of the bacterial
peptidoglycan monomer unit. Nat Prod Rep 2001, 18:503–519.
26. van Albada SB, ten Wolde PR: Enzyme localization can drastically affect
signal amplification in signal transduction pathways. PLoS Comput Biol
2007, 3:1925–1934.
27. An S, Kumar R, Sheets ED, Benkovic SJ: Reversible compartmentalization of
de novo purine biosynthetic complexes in living cells. Science 2008,
320:103–106.
28. Narayanaswamy R, Levy M, Tsechansky M, Stovall GM, O’Connell JD,
Mirrielees J, Ellington AD, Marcotte EM: Widespread reorganization of
metabolic enzymes into reversible assemblies upon nutrient starvation.
Proc Natl Acad Sci U S A 2009, 106(25):10147–52.
29. John M, Schmitz RP, Westermann M, Richter W, Diekert G: Growth
substrate dependent localization of tetrachloroethene reductive
dehalogenase in Sulfurospirillum multivorans. Arch Microbiol 2006,
186:99–106.
30. Graham JW, Williams TC, Morgan M, Fernie AR, Ratcliffe RG, Sweetlove LJ:
Glycolytic enzymes associate dynamically with mitochondria in response
to respiratory demand and support substrate channeling. Plant Cell 2007,
19:3723–3738.
31. Levine E, Hwa T: Stochastic fluctuations in metabolic pathways. Proc Natl
Acad Sci U S A 2007, 104:9224–9229.
32. Choudhary S, Quin MB, Sanders MA, Johnson ET, Schmidt-Dannert C:
Engineered protein nano-compartments for targeted enzyme
localization. PLoS One 2012, 7:e33342.
33. Li J, Nayak S, Mrksich M: Rate enhancement of an interfacial biochemical
reaction through localization of substrate and enzyme by an adaptor
domain. J Phys Chem B 2010, 114:15113–15118.
34. Agapakis CM, Boyle PM, Silver PA: Natural strategies for the spatial
optimization of metabolism in synthetic biology. Nat Chem Biol 2012,
8:527–535.
35. Maslov S, Sneppen K: Specificity and stability in topology of protein
networks. Science 2002, 296:910–913.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

