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Abstract

Background: Biological pathways represent chains
of molecular interactions in biological systems that
jointly form complex dynamic networks. The net-
work structure changes from the significance of bio-
logical experiments and layout algorithms often sac-
rifice low-level details to maintain high-level infor-
mation, which complicates the entire image to large
biochemical systems such as human metabolic path-
ways.

Results: Our work is inspired by concepts from ur-
ban planning since we create a visual hierarchy of bi-
ological pathways, which is analogous to city blocks
and grid-like road networks in an urban area. We
automatize the manual drawing process of biolo-
gists by first partitioning the map domain into multi-
ple sub-blocks, and then building the corresponding
pathways by routing edges schematically, to main-
tain the global and local context simultaneously. Our
system incorporates constrained floor-planning and
network-flow algorithms to optimize the layout of
sub-blocks and to distribute the edge density along
the map domain. We have developed the approach in
close collaboration with domain experts and present
their feedback on the pathway diagrams based on
selected use cases.

Conclusions: We present a new approach for com-
puting biological pathway maps that untangles vi-
sual clutter by decomposing large networks into se-
mantic sub-networks and bundling long edges to cre-
ate space for presenting relationships systematically.
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1 Background
Due to the technological and scientific progress, we
see a tremendous increase in the knowledge and the
amount of collected data in the area of molecular biol-
ogy and biochemistry over the past years, and compu-
tational tools play a major role in this development.
One example of increasingly investigated and abun-
dant data are metabolic pathways, i.e., network struc-
tures of molecular interactions of biological systems.
Collections of such pathways form more complex and
hierarchical biological networks, and their careful anal-
ysis and understanding are important aspects for many
life sciences researchers. Research efforts provide new
experimental results, which expand the known net-
works or require modifications and revisions of previ-
ous data. Various initiatives and public databases exist
to maintain and curate this growing set of biological
network data.

An important step for researchers to make sense of
such large networks of biological pathways is to explore
visualizations such as pathway diagrams and network
layouts, and use them to communicate their respective
scientific results in the context of larger biological net-
works. Automatic network layout algorithms thus be-
come indispensable in the sense that manually creating
diagrams of large networks is a very time-consuming if
not impractical task, especially considering that the
underlying data may change frequently and require
permanent layout updates. Sometimes even drastic
layout changes are needed. For example, glucose is tra-
ditionally considered as a fast supply of energy, while
it is nowadays demonstrated that it also affects cancer
metabolism [1]. A manually created, static pathway di-
agram cannot be easily revised to incorporate such an
up-to-date information, and pathway designers would
need to deliberately move the glucose to a new po-
sition based on its changed functionalities. Moreover,
as there are several independently managed pathway
databases, visualization tools are needed to assist sci-
entists in investigating and understanding biological
relationships across multiple databases.

While several general-purpose network layout algo-
rithms exist, most of them are not specifically designed
or particularly suitable for drawing biological path-
ways. This is because in a pathway diagram, detailed
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relationship information and the corresponding hier-
archical grouping structures are expected to be clearly
presented simultaneously for analysis and educational
purposes [2]. As consequence, biologists still use the
few existing high visual quality hand-drawn pathway
maps, in order to retrieve the entire image of the roles
of chemical components in the network. One example
regards human metabolic pathways, which are among
the most studied complex pathways and which have
been collected by several leading community-driven
databases [3, 4]. In 2013, Recon 2 [5], the most com-
prehensive metabolic reconstruction that is applica-
ble to computational modeling, was released. It in-
cludes about 5, 063 metabolites and 7, 440 reactions
and has been used to identify reasons and treatments
for diseases. Three years later, a hand-crafted path-
way map has been integrated with this reconstruc-
tion to allow users to explore existing gene expres-
sion patterns together with the entire metabolic net-
work. Scientists used this map to figure out how drugs
could possibly affect our physiological balance in order
to achieve certain treatment effect [4]. This map was
created by five undergraduate biochemists in over 20
months by manually reworking on the layout and fix-
ing the errors based on the information in the latest
literature. This requires tedious rerouting tasks and
still leads to some layout inconsistency due to the de-
cisions made by different collaborators. Other popu-
lar metabolic pathway maps, such as KEGG pathway
maps [3], Roche Biochemical Pathways [6], WikiPath-
ways [7, 8], and BRENDA Overview Map [9, 10] are
all manually drawn to achieve their high visual quality,
while revisions of them always took months. An auto-
matic layout approach facilitates this drawing process.
Recently, Reactome, a community-operated knowledge
base of biomolecular pathways, has incorporated an
automatically generated overview map. It relies on dy-
namic navigation to assist users in exploring various
sub-diagrams [11]. Although their overview layout is
computed using a conventional radial network layout
algorithm, strong domain knowledge and experience
are needed for correct zoom and pan operations. More-
over, tasks based on interaction can come with a time
trade-off, since finding particular labels by further ex-
ploring an abstract node could consume more time
than working with a single layout that has all suffi-
cient information [12].

The aforementioned pathway maps have the disad-
vantage that biologists need to explore several different
maps to build their mental models and knowledge, as
each relevant database has its own associated path-
way map. Further, there is a high cognitive load to
adjust one’s mental map whenever a new version of a
pathway map is released. This is because search perfor-
mance can be facilitated most robustly when objects

are tied to spatial locations consistently [13]. From all
the above listed reasons it becomes clear that creating
high-quality biological pathway layouts automatically
(as well as manually) is a very challenging problem.
Consequently, in 2017, the annual contest of the In-
ternational Symposium on Graph Drawing and Net-
work Visualization [14] asked the network visualiza-
tion community to compete for the best layout of the
human metabolic pathway network. However, due to
the network’s size and complexity, only one layout pro-
duced by an aggregation-based technique was submit-
ted, which is another indicator of the difficulty to au-
tomate the task of creating meaningful biological net-
work layouts.

Metabopolis, the new method presented in this pa-
per is the first fully automatic approach for scalable vi-
sualization of biological pathways, aiming to combine
hierarchical overview with fine detail of individual re-
actions in order to produce layouts meaningful to the
scientific community. The main challenge is the large
number of nodes (metabolites) that are heavily inter-
connected via chemical reactions and how to route the
large number of edges without cluttering the pathway
map or distracting the user’s attention. Our work is
inspired by concepts from urban planning since we cre-
ate a visual hierarchy of biological pathways, which is
analogous to the specification of city blocks and grid-
like road networks in an urban area. This structure
is considered as the best to have strong mutual con-
nection between neighbors and distribute the traffic
density to enhance the sustainability of cities [15]. A
typical example is shown in Fig. 1(a). We adopt this
urban planning concepts and group the underlying hi-
erarchical structures of pathway datasets into multi-
ple rectangular blocks and route edges schematically
on the grid of gaps between blocks in order to have
avoid clutter and present both low-level and high-level
information. Here, low-level information refers to di-
rectional or bidirectional relationships between pairs of
chemical components and high-level information refers
to classified functionalities of these components. Fig-
ure 1(b) shows an abstraction of our maps, where cat-
egories are restricted using urban blocks (red, blue,
and green rectangles), and sub-graph components are
placed in building blocks within each category. The
gaps between rectangles serve as boulevards and roads
for routing edges to reduce visual complexity.

This is accomplished by automatically creating a
graph skeleton together with a possible manual ad-
justment to guide users’ design decisions followed by
a three-step optimization approach computing the fi-
nal network layout. In the optimization, we first par-
tition the map domain into multiple sub-blocks, then
construct the network inside each block, and finally
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build the corresponding pathway connectivity by rout-
ing inter-block edges based on the corresponding con-
text hierarchy.

Figure 2 presents an example of a diagram created
by Metabopolis, which includes eleven major pathways
presented in different colors. One of the main mecha-
nisms to produce energy in human body is the Gly-
colysis process (orange), where the red route shows
the set of reactions for the biological transformation of
glucose into pyruvate. This happens together with the
releasing of high-energy molecules of ATP, the univer-
sal energy currency used to drive more biological reac-
tions (see the green route). ATP then comes to the blue
route to synthesize urea. Our diagram allows us to read
this network by visually restricting information into
rectangular blocks to facilitate a better understanding
on the local and global contexts of the network. Our
technique enables us to compute the pathway diagram
of the entire human metabolism (see Fig. 11), which
has never been achieved in a comparable quality using
conventional network layout techniques.

The remainder of this paper is structured as follows:
Section 2 summarizes relevant related work. In Sec-
tion 3, we explain the introduced design criteria for
large pathway diagrams together with a summary of
our proposed system framework. The technical details
are presented in Sections 4–6. Section 4 explains the
steps for computing the floorplan layout of the hier-
archical grouping structure. Sections 5 and 6 present
the intra- and inter-block network layout, respectively.
Our implementation is detailed in Section 7 followed
by the use cases and discussion in Section 8. We con-
clude this paper and refer to future directions in Sec-
tion 9.

2 Related Work
In this section, we conduct a brief survey on the most
relevant related topics of this work, including pathway
visualization, space partitioning approaches, and map-
based network visualization.

2.1 Pathway Visualization
Since new biological pathways are unceasingly investi-
gated and added to pathway databases, pathway vi-
sualization [16, 17, 18, 19] has developed a variety
of alternative representations to support researchers
in reasoning about pathways. Murray et al. [2] sum-
marized common visualization tasks for the analysis
of biological pathway data. They consider relation-
ship tasks as the most essential tasks in their study.
Existing general-purpose network visualization tools
for highlighting hierarchical relationships are not that
suitable for biological pathways since low-level repre-
sentation may be aggregated to show the underlying

grouping structures [20, 21]. Therefore, although sev-
eral network visualization techniques have been devel-
oped for this purpose, researchers still rely on the man-
ually designed pathway maps provided from biologi-
cal databases [3, 4]. Pathway editors such as CellDe-
signer [22], SBGN-ED [23], and Newt [24], and network
analysis tools such as Cytoscape [25] provide function-
alities for dynamic pathway analysis, while the lay-
out problem is still resource-consuming, especially for
graphs with more than 500 nodes. This is because the
underlying graph layout techniques are often devel-
oped for general purposes and cannot be easily applied
to large biological networks.

The investigation of biological pathway visualization
has mainly two directions, including drawing fine small
pathways and aggregating detailed pathways to visual-
ize high-level information. Several research works focus
on visually pleasing and well readable layout of small
biological networks, including rebuilding well-known
KEGG maps [26], overlaying omics data [27], align-
ing nodes on grids [28], and the most popular forced-
directed and hierarchical layouts summarized by Bach-
maier et al. [19]. Other works relied upon strong user
interactions on hand-drawn large but static maps [29].
Interactions such as semantic zooming [30] and ag-
gregation [31, 32] have been investigated to analyze
large networks. Although interactions have been im-
portant tools to facilitate users’ capabilities to under-
stand large datasets, it has also been studied that in-
teractive activities during the analysis process may
increase time for accomplishing simple connectivity
tasks [33]. Nevertheless, interaction is definitely a valu-
able way to support analytical processes, where users
can expand and collapse the visualization to retrieve
their target of interests. Unfortunately, neither of the
aforementioned directions resolves the difficulty on the
communication of knowledge since researchers always
need to rebuild their mental image to various maps
introduced by different databases. Compared to the
aforementioned interaction techniques, our approach
provides an alternative solution to biologists. This is
because we introduce a graph skeleton to assist biolo-
gists to design their pathway diagram, and introduce
orthogonal layout and edge routing to maintain the
readability of low-level and high-level relationship in-
formation.

2.2 Space Partitioning and Planning Techniques
Space partitioning algorithms using techniques based
on Voronoi diagrams [34], treemaps [35, 36], and floor
planning [37] subdivide a space into several disjoint
subregions and are often used to assign the screen
space in information visualization. Among these, floor
planning algorithms have been well investigated in
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very large scale integration (VLSI) design to generate
constrained high quality chip layout [37, 38]. In our
implementation, we select floor planning algorithms
as the basis of our optimization process due to their
flexibility in attaching user defined rectangles.

For example, Merrell et al. [39] developed an ap-
proach to automatically design room layouts trained
on real-world data and Ma et al. [40] calculated a room
plan based on a planar graph specified by game de-
signers. Both methods introduced configuration space
techniques to further constrain object placement dur-
ing the optimization process. The more high-level re-
quirements designers provide, the higher the compu-
tational time needed for the stochastic optimization.
In our approach, we introduce several constraints to
control appropriate block placement, which reproduce
results similar to hand-drawn pathway maps and limit
the search space for our optimization process.

2.3 Map and Network Visualization
Clustered network visualization has been studied
widely [41, 42, 43], but those works either focus on
small compound graphs or aggregate directed edges
due to the scalability of the approach. Rather we chose
a map metaphor for Metabopolis because maps are one
of the most popular visual representations to describe
object relationship and relative positions within a cer-
tain space [44]. A pioneering work of visualizing graphs
as maps, has been done by Gansner et al. [45, 46],
where they partition the map domain using a Voronoi
diagram and a force-directed algorithm to draw sub-
graphs in each Voronoi cell. Several works applying the
map metaphor were published subsequently, e.g., to-
pographic maps of clustered graphs [47], maps of com-
puter science [48], and GraphMaps [49]. As pathway
map designers often do, simplifying edge structures is
also studied in the context of map-based visualizations,
which include hierarchical Manhattan layout [50], road
maps [51, 52], and metro maps [53]. Orthogonal graph
layout is a specific and well-studied type of schematic
layout, where edge segments are limited to horizontal
and vertical directions [54]. More recently, high-quality
compact orthogonal layout of small graphs was the fo-
cus of studies [55, 56]. In our layouts, we decompose a
large metabolic network into smaller sub-graphs to em-
ploy orthogonal layout algorithms such as HOLA [55]
or yFiles [57] compact layout for visualizing pathway
relationship in detail, which is the edge style favored
by pathway designers [3].

3 Overview of Metabopolis
A good biological pathway map should be an easy-
to-read visual representation of the molecules in a
cell and their relations through biochemical reactions

in detail together with their corresponding hierarchi-
cal grouping structures [2]. Although, this criterion
is expected to be the leading criterion for the de-
sign of pathway diagrams, general graph drawing cri-
teria should also be taken into consideration. Notably,
these maps should preserve the mental images of bi-
ologists, which also affects users’ memorability of the
content [58]. Within the biological context, reactions
are often expressed using an arrow →, where the re-
actants are placed on the left and the products are
on the right. We can model a biological pathway net-
work using a bipartite directed graph G = (V,E),
where V = M ∪ R. The nodes in M are the metabo-
lites and the nodes in R represent the reactions. A
directed edges e ∈ E represents the involvement of
metabolites in reactions as either reactant or prod-
uct. Note that each metabolite vm ∈ M can be in-
volved in multiple semantic categories c(vm) ⊂ C (e.g.,
a subsystem defined in a standard ontology, a com-
partment of the cell, etc), while each reaction vr ∈ R
belongs to a unique category c(vr) ∈ C. Moreover,
biochemical reactions can be either bidirectional (e.g.,
6CO2 + 6H2O ↔ C6H12O6 + 6O2) or unidirectional
(e.g., C3H8O3 + 3 CH3(CH2)6COOH → C55H98O6

+ 3H2O), which is essential for a comprehensive un-
derstanding of physiological processes.

Metabopolis provides a new type of pathway dia-
gram using an urban map metaphor to bridge the
gap between different hand-drawn pathway maps while
preserving the readability from low to high levels. Fig-
ure 3 depicts how automatic pathway maps can serve
as key media that allow users to share and communi-
cate their data. Users can automatically create maps
with similar category alignment and mutually share
them. The gap is closed by turning one-way (black ar-
rows) to round-way (green arrows) information deliv-
ery by enabling the entire community to interact with
the same data.

To accomplish this goal, we have first investigated all
well known hand-drawn pathways, and summarize the
challenges (A1-A3) of the existing pathway layouts
as follows:
(A1) Preserving a user’s mental map of the diagram

or customizing the network layout with updated
data are not easy. Domain experts need to adapt
to different layouts and map between different
mental models in order to use their knowledge
consistently.

(A2) No clutter management strategy exists to con-
trol the visual density between global and local
context. Metabolites involved in many reactions
are often high-degree nodes, some of which can
be significant (e.g. ATP , the energy currency of
the cell) and some can be less informative (e.g.
water molecules) to the scientists.
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(A3) A readable visual hierarchy is missing to present
low-level and high-level relationship information
simultaneously. Directed/bidirected edges and
categories are crucial to identify the roles of
chemical components in the physiological sys-
tem.

These three major challenges are tackled by our
pathway layout algorithm, and each of them will be
solved using three types of networks, a graph skeleton
GC , an extended pathway network GD, and two flow
networks GM and GN , respectively.

Our strategy to cope with (A1) is to introduce a
graph skeleton GC used to preserve or customize the
relative positioning of urban blocks in BC , which corre-
sponds to the drawing area reserved for each category
c ∈ C. The category here can refer to any seman-
tic category defined in the pathway ontology, where
we use the biological subsystems as a proof of con-
cept in our system. The graph skeleton is then defined
as GC = (BC , EC), where each block bc in BC is a
rectangular node for the corresponding category and
each edge ec ∈ EC indicates the connectivity between
blocks. The initial position of a block and the connec-
tivity between a pair of blocks can be computed auto-
matically using our system or refined by the users. This
allows us to automatically place blocks sharing more
chemical components close to their neighborhood to
reduce long edges across the entire map domain.

Dealing with (A2) is achieved by the duplication
of the same high-degree or user-specified unimportant
metabolites that are connected by a secondary layer of
edges. This provides users an opportunity to discrim-
inate between important metabolites such as glucose
and unimportant ions such as water. All original and
duplicated nodes are collected in VD, and correspond-
ing edges will be stored in ED to form our new network
GD for visualization. Even though node duplication re-
duces edge density of a graph, several long edges may
occur in the layout. Therefore, we decompose long di-
rected edges into a set of directed and undirected edges
(see Fig. 4 (a)) so that we can bundle undirected edges,
which are less informative to control the visual density
between global and local context.

This allows us to visually discriminate high-degree
nodes into two types. The first type of metabolites are
unimportant (as specified by domain experts), and are
fully duplicated in Metabopolis. The second ones are
those metabolites serving as connectors, which are sig-
nificant targets of interests for biologists since they are
connected to reactions having different semantics and
should not be easily duplicated in the visualization.
Figure 4(b) shows an example of this design between
two categories (green and purple). We use colors to
highlight the roles of metabolites between each pair of

categories, and there are all nine possible combinations
of the roles of the metabolites between two categories.
Take the first column for example, the green path in-
dicates that there exists a product metabolite m from
the green category that serves as a reactant in a reac-
tion in the purple category, but no inverse reaction is
allowed. Although the third column has the same color
coding as the first one, the output arrow indicates that
this product metabolite serves as a reactant in another
category but not the green one. With this design, we
can bundle long undirected edges along the boundary
of blocks, while not sacrificing the clarity of the edge
representation.

Finally, to deal with (A3), we create compact or-
thogonal drawings for sub-networks within each cat-
egory and bundle undirected edges along the bound-
ary of the blocks to achieve a readable visual hier-
archy of our maps. Note that map metaphors have
been proved as effective designs to visualize graphs
and clusters [45, 46], because of the geospatial posi-
tions of objects and their corresponding connections
can be shared between users as well as the general fa-
miliarity of maps among the public. Urban maps are
a specific type of map used to visualize buildings and
roads in a city. These objects are often simplified to
certain geometric shapes such as lines, rectangles, and
squares, in order to facilitate the general understand-
ing of graphical notations on maps. We follow this ex-
ample by restricting category information to be rep-
resented as rectangles and by aligning objects to un-
derlying grids in our diagrams. We align vertices and
edges on grids because this is a common strategy em-
ployed in many hand-drawn pathway diagrams [3, 4].

Figure 3 shows the pipeline of our algorithm, which
consists of five steps. (1) We first automatically con-
struct a spanning subgraph of the categories based on
the frequency of inter-category edges for guiding block
placement. In this step, users are also allowed to edit
the graph under certain constraints. (2) Afterwards we
apply a constrained floor-planning algorithm to attach
strongly-connected categories along a shared bound-
ary and produce an overlap-free block placement. (3)
Next, since the number of metabolites in each cate-
gory determines the block size, we adjust the size of
these blocks to optimize the screen space partitioning.
(4) Within each category block, we use an orthogonal
network layout to place and align metabolites and re-
actions on a grid. (5) Finally, we construct an auxiliary
flow network to disperse flows to optimize edge rout-
ing for connecting identical metabolites. Steps (1)-(3)
will be detailed in Section 4 and steps (4)-(5) will be
described in Sections 5 and 6.
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4 Urban Block Construction
In this section, we introduce how the map domain
is partitioned into multiple sub-blocks, while aligning
blocks with strong connectivity as neighbors using a
graph skeleton. We formulate the computational prob-
lem as a mixed-integer programming (MIP) model, to
find a globally optimal solution.

4.1 Graph-Based Skeleton for Guiding Block Placement
Biologists usually investigate a specific protein or gene,
a set of specific pathways or more recently, due to
the improvement in pipelines for analysis of high-
throughput data, entire metabolic networks. In all
cases, they are interested to see the context of the re-
sults generated under their experiments, which leads
to comparison tasks on relationship between similar
sets of chemical components. Thus, a pathway diagram
with categorical information highlighted allows biolo-
gists to compare the relationship within one category
and between each other. We thus propose a graph-
based skeleton GC , a spanning subgraph of the cat-
egory connectivity graph, to optimize the placement
of entire blocks. This is because connecting all pairs
of blocks sharing some reactants or products will cre-
ate a nearly complete connectivity graph, and it is
more important that blocks having dense connection
in-between should be placed next to each other.

We extend the conventional floor-planning problem
by adding additional alignment constraints to guaran-
tee the connection of all sub-blocks. This is achieved
by optimizing the block positions according to the con-
nectivity of GC . Note that planar graphs have been
previously used to guide users for designing a room lay-
out [39, 40] guaranteeing a doorway continuity. How-
ever, our graph skeleton should not only serve this
purpose, but should also present users with a clear
information whether the designed graph will produce
a solvable result. All types of planar graphs are not
sufficient for the block placement in our case.

The skeleton graph GC provides an important in-
struction here because typically the category graph is
very dense and not all edges can be represented as
block adjacencies. Obviously, only planar graphs can
be represented by touching rectangles, but even some
planar graphs cannot be represented. If they have sep-
arating triangles (see K4 in Fig. 5(a)), it is known to
fail [59]. Inspired by the semantic word cloud tech-
nique [60], which also aims to optimize the placement
of touching rectangles, we know that if the skeleton is a
graph with only disjoint cycles (see Fig. 5(b)), a corre-
sponding floor plan always exists. Moreover, Fig. 5(c)
depicts another extreme case of the graph skeleton,
where a node with degree larger than four would also
produce an undesired layout since we cannot attach

another big block to the green block. In summary, we
design our graph skeleton GC under constraints: the
graph (1) has to be planar, (2) has to contain only
edge-disjoint cycles, and (3) has maximum node degree
four. This will create a so-called chordless planar graph
(see Fig. 5(b)), which usually contains long chains.
Note that we do not aim to get a maximally dense pla-
nar graph, but rather one that maintains a sufficient
degree of flexibility. Our system automatically gener-
ates GC by expanding a maximum-weight spanning
graph. This is done by first sorting edges in descend-
ing order and greedily include a pair of blocks with
maximum weight value as long as the graph remains
planar, chordless, and with maximum node degree at
most four. The weight value of an edge is defined by
the frequency of metabolites appearing in both blocks.
Once this basic skeleton is computed, users can further
edit GC to match their specific aims, personalizing
the network by adding or removing inter-block con-
nectivities. Metabopolis then automatically initializes
the graph using a new crossing-free layout algorithm
by default. This is done by sorting the nodes having
the same topological distance to the geodesic center
on each branch and place nodes on concentric circles
according to their distance (see Fig. 5(d)).

4.2 Constrained Floor-Plan Problem
Once we have the graph skeleton, we are ready to
place blocks based on its connectivity. In this subsec-
tion, several hard and soft constraints to place blocks
of pathway subsystems based on their connectivity or
desired positioning will be introduced to find an ap-
propriate layout in our MIP model. Mixed-integer pro-
gramming (MIP) is an optimization technique where
variables can be either integers or real numbers that
are subject to a set of constraints. The constraints
can be linear equalities or inequalities, together with
a linear objective function to be optimized. A globally
optimal solution for a MIP model can then be com-
puted using specialized MIP solvers such as CPLEX
or Gurobi. In this framework we can model hard con-
straints and soft constraints to fully or partially fulfill
aesthetic criteria for the layout, while seeking for the
best solution under the employed conditions. Initially,
we assign a rectangular area bc ∈ BC proportional to
the amount of reactants and products in each cate-
gory as a reserved region for drawing, so that we can
apply aesthetic criteria to compute the desired space
for enhancing pathway readability. Figure 6(a) depicts
how a block bc(i) is formulated in our system, with
two reference points (xi, yi) and (pi, qi) referring to
its bottom-left and top-right corners respectively, to-
gether with its corresponding width Wi and height Hi.
To achieve our strategy to A(1), we incorporate sev-
eral hard (CH1–CH4) and soft (CS1–CS3) constraints
in MIP model, which are summarized as:
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(CH1) Block-block attachment: The two blocks
connected with an edge must be placed next
to each other.

(CH2) Overlap-free block placement: The place-
ment must be overlap-free.

(CH3) Pairwise relative positioning: Mutual rel-
ative positions of blocks as specified by the
graph skeleton are preserved.

(CH4) Barycenter preservation: Relative posi-
tions between the barycenter of a cycle and
its end nodes are preserved.

(CS1) Compact layout: The layout should be
compact.

(CS2) Expected aspect ratio: The layout should
adhere to the desired aspect ratio.

(CS3) Long shared boundary: Attached blocks
should have long shared boundaries.

4.2.1 Block-block attachment constraints (CH1)
This constraint allows us to attach two neighboring
blocks from the graph skeleton so that each pair of
blocks will have exactly one shared boundary in the
output, as the two blocks bc(i) and bc(j) shown in
Fig. 6(b). The yellow dotted rectangle here indicates
the configuration space for bc(j), to represent all pos-
sibilities of placing (xi, yi) along bc(j) so that the two
blocks are in contact but do not overlap [61, 62]. This
is done by reflecting bc(i) at its reference point on
(0, 0) (see Fig. 6(c)), computing the Minkowski sum
(bc(i)

′+bc(i) = a+ b|a ∈ bc(i)′, b ∈ bc(j)) of two blocks
bc(i) and bc(j), and computing the convex hull to ex-
tract the polyline configuration space.

For each pair of connected blocks, we decompose the
configuration space of bc(j) into multiple line segments
L(r) : Ax + By + C = 0 (r = 1, . . . , k) and force the
reference point (xi, yi) of bc(i) to settle on one of these
segments. For each L(r), the constraint to place (xi, yi)
on the corresponding configuration space is defined as:

αL(1)(i, j) + αL(2)(i, j) + ...+ αL(k)(i, j) ≥ 1, and (1)
yi − yj ≤ −A/B · (xi − xj)− C/B + (1− αL(r)(i, j)) ·M
yi − yj ≥ −A/B · (xi − xj)− C/B − (1− αL(r)(i, j)) ·M
xi − xj ≤ Xmax + (1− αL(r)(i, j)) ·M
xi − xj ≥ Xmin − (1− αL(r)(i, j)) ·M
yi − yj ≤ Ymax + (1− αL(r)(i, j)) ·M
yi − yj ≥ Ymin − (1− αL(r)(i, j)) ·M,

.

.

.

(2)

where αL(r)(i, j) for r = 1, . . . , k are binary variables
and M is a large constant used to automatically vali-
date and invalidate the set of the constraints to place
(xi, yi) on L(r) in the MIP model. Note that (xi, yi)
and (xj , yj) are reference points of block bc(i) and
bc(j), and A, B, and C are constants precomputed
from line L(r). (Xmin, Xmax) and (Ymin, Ymax) indi-
cate the lower and upper bounds of each L(r) along x

and y axes, respectively. Since M needs to be larger
than all coordinates of xi and yi, we define our M as∑
i∈V (Wi +Hi)/2. We also use k = 4 by default since

a rectangle has four boundaries.

4.2.2 Overlap-free block placement constraints (CH2)
Generation of floor plans is a challenging task because
the layout must be overlap-free. Figure 6(d) depicts an
example of this constraint, where block bc(i) needs to
be placed outside one of the boundaries of block bc(j),
and therefore is formulated as:

βleft(i, j) + βbottom(i, j) + βright(i, j) + βtop(i, j) ≥ 1, and (3)
xi +Wi ≤ xj + (1− βleft(i, j)) ·M
yi +Hi ≤ xj + (1− βbottom(i, j)) ·M

xi ≥ xj +Wj − (1− βright(i, j)) ·M
yi ≥ xj +Hj − (1− βtop(i, j)) ·M.

(4)

Note that we again introduce binary variables β(i, j)
to validate and invalidate one of the four conditions,
and M is the same large value from Eq. (2) reused in
Eq. (4).

4.2.3 Pairwise relative positioning constraints (CH3)
This relative position constraint is used to maintain
the spatial relationship between each pair of blocks,
which helps preserving the mental map from the dia-
gram created previously, as well as limiting the search
space in the model. Figure 7(a) depicts an example of
such a constraint, where the map domain is divided
into the positive side (Anx + Bny + Cn > 0) and the
negative side (Anx+Bny+Cn < 0) and this condition
needs to be preserved after the optimization [63]. To
control this constraint, we newly introduce an angle θ
to generate two border lines L1 and L2 that are used
to designate feasible region for block placement (yellow
region for bc(i) in Fig. 7(a)). Note that the constant
values An, Bn, and Cn are computed from the ini-
tial coordinates of bc(i) and bc(j), where we rotate the

normal vector of
−→
ji by the angle θ clockwise and coun-

terclockwise. Since we define (An, Bn) as unit normal
vector, which satisfies |An|2 + |Bn|2 = 1 of lines Ln, so
that we can compute the signed distance Dn between
bc(i) and Ln simply by inner product. In other words,
if the block bc(i) is located on the positive side origi-
nally then it will be forced to stay on the same side in
the computed floorplan. The constraint is formulated
if Dn > 0 or Dn < 0, respectively as:

An(xi +
Wi
2 − xj −

Wj
2 ) + Bn(yi +

Hi
2 − yj −

Hj
2 ) ≥ |Dn|,

An(xi +
Wi
2 − xj −

Wj
2 ) + Bn(yi +

Hi
2 − yj −

Hj
2 ) ≤ −|Dn|.

(5)

4.2.4 Barycenter preservation constraints (CH4)
In most of the cases, pairwise relative positioning con-
straints will also preserve the planar embedding of the
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network, while in some extreme cases such as a small
block connected to two large ones, will break these
rules since the border lines L1 and L2 are close to par-
allel. To solve this, we introduce another constraint
that restricts the barycenter of a cycle inside the cycle
after optimization (see the yellow cycle in Fig. 7(b)) to
preserve the planar embedding after optimization. The
constraint is similar to the paiwise relative positioning
constraints (CH3), where we keep the barycenter of all
end points of a cycle retaining at the same side as their
original position (yellow region in Fig. 7(b)). Blocks i,
j, and k are three blocks composing a triangle face
Fk, and the yellow point indicates their corresponding
barycenter. This constraint is thus revised from Eq. (5)
by replacing xi + Wi

2 with xavg and yi + Hi

2 with yavg,
respectively, where (xavg, yavg) is the barycenter of the
cycle at initial position.

4.2.5 Objective function (CS1–CS3)
Beside the aforementioned hard constraints, we also
introduce several soft constraints for better usage of
screen space. Our goal here is to find a compact layout
(CS1) having expected aspect ratio (CS2) and long
shared boundaries between blocks (CS3).
[Compact layout (CS1)] is accomplished by mini-
mizing the objective function objcompact = wcompact ·
(Bx + By), where we introduce the upper bounds Bx
and By to every blocks bc(i) by 0 ≤ xi ≤ Bx−Wi and
0 ≤ yi ≤ By −Hi.
[Expected aspect ratio (CS2)] is done by minimiz-
ing the objective function objratio = wratio · δ, where δ
is defined as δ = |Bx − R · By| for the user-specified
target aspect ratio R. Our default is R = 4/3.
[Long shared boundary (CS3)] is achieved by min-
imizing the objective function objoverlay = woverlay ·∑
eij∈EC

(γx(i, j) + γy(i, j)), where γx(i, j) and γy(i, j)
are displacements between pairwise block centers along
x and y axes, which are defined as

|xi +
Wi
2 − (xj +

Wj
2 )| = γx(i, j), and

|yi +
Hi
2 − (yj +

Hj
2 )| = γy(i, j).

(6)

Finally, we minimize the sum of three objective terms
as follows:

objfloorplan = objcompact + objratio + objoverlay. (7)

Note that by default, we empirically employ woverlay =
10, wcompact = 1000, and wratio = 1 for the weights in
our system.

4.3 Fine block adjustment
Once we have a compact layout for the block place-
ment, we then fine adjust the four boundaries of each

block for better utilizing the screen space. This al-
lows us to align block boundaries to avoid bends when
routing the edges. The optimization partially includes
the aforementioned constraints in Section 4.2, together
with new constraints for this purpose. We again pre-
pare a left-bottom reference point (xi, yi) for each bc(i)
but add a right-top reference point (pi, qi) to facilitate
adjusting block boundaries. Our hard (CH2–FH2) and
soft (CS1–FS2) constraints are summarized as:

(CH2) Overlap-free block placement: As defined
previously.

(FH1) Minimal block width and height: The
minimum drawing area must be preserved.

(FH2) Attached boundary: Attached boundaries
must stay.

(CS1) Compact layout: As defined previously.
(CS2) Expected aspect ratio: As defined previ-

ously.
(CS3) Long shared boundary: As defined previ-

ously.
(FS1) Area maximization: Drawing area should

be maximized.
(FS2) Block aspect ratio: Aspect ratio of each

block should not be changed drastically.

4.3.1 Minimal block width and height (FH1)
Our objective is to preserve the minimal drawing space
computed from the previous step in Section 4.2 to
avoid drastic territory changes. The idea is simple since
we assign lower bounds to the width and height of each
block. To preserve the minimum block size, the con-
straints are formulated as pi−xi ≥Wi and qi−yi ≥ Hi,
where Wi and Hi are the width and height of the block
computed previously. Note that this is the constraint
employed to guarantee minimal drawing space of each
block bc(i).

4.3.2 Attached boundary constraints (FH2)
We also incorporate hard constraints to retain the
shared boundaries computed from the previous opti-
mization. Since we already know the shared boundary
between adjacent blocks, the idea here is simple. We
force the distance between the shared boundary to 0,
while restricting the corresponding upper bounds al-
ways locating higher than the lower bounds among the
two blocks. These constraints are added by investigat-
ing all the shared boundaries along x and y axes and
are formulated as:

pi − xj = 0, qi − yj > 0, and qj − yi > 0, if |pi − xj | = 0,
qi − yj = 0, pi − xj > 0, and pj − xi > 0, if |qi − yj | = 0. (8)

4.3.3 Objective function (FS1–FS2)
We again introduce several soft constraints for better
usage of screen space, including compact layout (CS1),
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expected aspect ratio (CS2), area maximization (FS1),
long attached boundary (FS2).
[Area maximization (FS1)] is achieved by min-
imizing the distance between the block boundaries
and the four boundaries of the map domain. This
objective is therefore defined as objarea = warea ·∑
i∈V (xdistL(i) + ydistL(i) + xdistU(i) + ydistU(i)), where

the distance to each of the boundary is defined as
xi = xdistL(i), xupper(i)− pi = xdistU(i), yi = ydistL(i),
and yupper(i)− qi = ydistU(i).

[Block aspect ratio (FS2)] is similar to constraint
expected aspect ratio (CS2), where we apply the idea
to each block. The objective objblockratio = wblockratio ·∑
i∈V κi, is minimized by collecting the corresponding

distortion as κi = |pi − xi − (qi − yi)|.
Finally, we minimize all objective terms by summa-

rizing them as:

objadjustment = objfloorplan + objarea + objblockratio. (9)

We empirically employ the same weight value for
objfloorplan, and set warea = 1000 and wblockratio = 100
by default in our system.

5 Intra-Block Network Layout
The grid pattern is commonly chosen in urban plan-
ning even though its infrastructure cost is high, be-
cause the frequent intersections and the orthogonal
geometry of the grid pattern help pedestrians with de-
tecting orientation and selecting the path to desired
destinations [44]. This is developed by decomposing
a metropolitan area into several city blocks, and a
city block is further decomposed to multiple building
blocks to create the hierarchy of the city as shown in
Fig. 1(b). This pattern also serves the entire urban
area evenly so that it retains lower traffic congestion
than a centralized structure [15].

5.1 Hierarchical orthogonal layout
To achieve the visual hierarchy, we decompose each ur-
ban block placed previously into several building (sub-
)blocks using a TreeMap [36] to discriminate unique
patterns in each categories. We then obtain a grid-
like road network for edge routing based on this de-
composition. Within each building block, we apply a
compact orthogonal graph layout algorithm [55, 57]
to each individual pathway sub-network to create well
readable sub-drawings. The gray rectangles of the top
image in Fig. 8(a) show an example of decomposition
by TreeMap. Suppose that the orange node here is an
important metabolite connected to reactions in mul-
tiple categories and the blue nodes indicate either a

unique or an unimportant metabolite in VD. To re-
duce the visual complexity, we place this orange node
on the boundary of each block to emphasize its dif-
ference (see the bottom image in Fig. 8(a)), while
still showing the connectivity using the edge decom-
position scheme described in Section 3. The process
to route edges consists of two steps, including build-
ing local flow networks GM = (VM , EM ) and global
flow networks GN = (VN , EN ), respectively. We first
build a local flow network GM (Section 5.2) of each
building block to find optimal flows leading to metabo-
lites on the block boundary (conjunction). Each flow
thus corresponds to one directed edge connected to
the metabolite as the red edges shown in Fig. 8(a)).
Based on these edges, we then construct global flow
networks GN (Section 6.1) to distribute the flows used
to connect chemical components appearing in different
categories (see blue and yellow edges in Fig. 8(a)).

5.2 Local flow network for lane generation
Once we have computed the orthogonal layout in each
block, we are ready to arrange the nodes on the bor-
der and the edges connecting them. Our idea here is
to formulate this problem as a local flow network and
find its optimal flow paths that guide the shapes of di-
rected edges by minimizing the intersections between
the drawn orthogonal layout. The problem is solved by
seeking minimum cost maximum flow using the succes-
sive shortest path algorithm [64]. Figure 8(b) shows an
example of our local flow network, containing a source
(red circle), a sink (blue circle), and several supply
(pink circle), demand (aqua circle), and road (green
diamond) nodes vm in VM . The source and sink nodes
are mandatory for the flow network algorithm, while
we assign supply nodes to those reaction nodes con-
nected to the metabolites on the block boundary and
demand nodes to those possible candidates normally
distributed on the boundary.

Since our goal here is to create a grid network suit-
able for winding an edge to avoid intersections with the
drawn orthogonal layout, we build the network GM by
sampling intermediate horizontal and vertical lines be-
tween two consecutive nodes along x and y axes. The
direction of each edge em ∈ EM is further decomposed
into four as shown in Fig. 8(c) to avoid unexpected
long edges across the block. Moreover, each intermedi-
ate sample is also decomposed by adding an additional
edge with capacity one, to avoid multiple passing flows.
We complete the network construction by adding di-
rected edges from the source to supply nodes, supply
nodes to their adjacent road nodes, and demand nodes
to the sink node. Note that the orange line in Fig. 8(b)
represents a flow example from the source to the sink.
Our final task here is to assign appropriate capacities
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and weights to each edge em in the network. To en-
sure every supply will exactly lead to one demand on
the boundary, we assign a capacity of one to each edge
em to avoid multiple flow paths. Meanwhile, we define
the corresponding weight function w(em) for each edge
em = (va, vb) as:

p|va − vb|+ q
∑
h∈H

ch(em) ·
(
|
~em · ~lh
| ~em||~lh|

|+ 1
)
, if em ∈ EM , (10)

to penalize if the edge is long or has intersections with
existing orthogonal layout. Note that ch(e) counts to
one if edge em is intersected with any edge lh in the
orthogonal layout, while we assign smaller penalty if
the crossing angle is close to 90◦.

6 Inter-Block Network Layout
Until here, the basic information of node relationship
is presented (black arrows in the result images). To
highlight the duplicated metabolites, we incorporate
additional colored edges between duplicated metabo-
lites in different urban blocks in order to present the
transaction flows between a pair of reactions sharing
the same metabolites.

6.1 Global flow network for edge routing
Again, we construct global flow networks for connect-
ing pairs of identical chemical components appearing
in different urban blocks (see blue and yellow edges in
Fig. 8(a)). This is achieved by individually building a
flow network from one block to the remaining blocks to
visualize the global connectivity from one category to
the others. The primary idea of this design is to control
the edge density on a single road, to avoid accumulated
flows by specifying a maximum flow capacity on each
edge.

Figure 8(d) shows how our global flow networks are
created. In contrast to the local network, the global
one contains one more node component, the conjunc-
tion nodes (yellow square), whose coordinates are com-
puted from the local network in Section 5.2. We con-
struct a different grid network by plotting all con-
junction nodes and corner nodes of building blocks,
to build the grid network by connecting nodes along
the building block boundaries (see the green network
in Fig. 8(d)). We then add bidirectional edges to our
network by referring to the connectivity of this green
mesh. The global network is finalized by adding di-
rected edges from the source to supply nodes, supply
nodes to the corresponding conjunction nodes, con-
junction nodes to their demand nodes, and finally the
demand nodes to the sink node.

To ensure that every supply has sufficient capacity
to connect to other blocks, we compute the capacity

cap of each supply edge by summing the connectivity
from the source block to the other blocks, while we
assign the corresponding exact value to the demand
edges. Other edge capacities are assigned as:

capg(en) =

{
capacity from reaction(en), if en ∈ S
capacity to reaction(en), if en ∈ D
MAX CAPACITY− u(en), if en ∈ B
∞ otherwise,

(11)

where u(e) indicates the value of used capacity from
the computed networks, and S, D, and B are edges
connected to the supply, demand, and road nodes, re-
spectively. The edge weight function wg(en(va, vb)) is
simply defined as |va−vb|. The MAX CAPACITY is a
user-defined constant to limit the maximum flow on a
road. The problem is again solved by the same classic
flow algorithm [64].

7 Implementation and Enhancement
Our system has been implemented on a desktop PC
with an AMD Ryzen 7 1800X CPU (8 Cores, 16
Threads) and 64GB RAM. The source code was writ-
ten in C++ using Qt Graphics for rendering maps
and user interface, Boost Graph Library for the graph
data structure and minimum cost maximum flow algo-
rithm, CGAL for computational geometry algorithms,
and IBM CPLEX for the MIP-based optimization.
Since our framework is designed to incorporate dif-
ferent graph layout algorithms for decomposed sub-
graphs, we introduced orthogonal layout algorithms
here due to their high computational complexity and
familiarity in most of the database [3, 4]. Users are al-
lowed to choose preferable compact orthogonal layout
by selecting the open-source HOLA package [55] or the
commercial library yFiles [57] in the system, but only
HOLA is chosen for the visualization in this paper.

7.1 Supported file format
The biological relationship is often recorded using the
Systems Biology Markup Language (SBML) [65], an
extended XML file format, which we also use as the
input data format of our system. To further increase
the popularity of the proposed technique, we store our
layout using an extended Systems Biology Graphical
Notation Markup Languages (SBGNML) [66], which is
a standard visual representation of SBML. Our system
is open-source and has been put on a GitHub reposi-
tory named Metabopolis [67].

7.2 Setting of the MIP optimization
Since the space partitioning scheme in Metabopolis
is achieved by solving a MIP problem, we cannot
only control solution space, but profit from algorith-
mic speedup by solvers such as IBM CPLEX, Gurobi,
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SCIP, or Xpress. As compared to other constrained op-
timization techniques such as greedy algorithm, sim-
ulated annealing approach, or genetic algorithm, MIP
is more prominent here in the sense that it also pro-
vides the optimal solution by time, which cannot be
achieved or predicted by other heuristic approaches.
Especially in one of our use cases, where we gener-
ate high quality maps to serve as an overview map for
databases, we need a reliable approach that generates
a diagram with high readability. With modern MIP
techniques, the formulation can be also relaxed to find
a feasible, but possibly suboptimal, solution in shorter
time. Moreover, it turned out that overlap-free block
placement (CH2) constraints are bottlenecks in our
approach. We can formulate them as lazy constraints
in modern MIP solvers so they will be only included
when the result violates the constraint. This is done
together with introducing pairwise relative positioning
(CH3), to restrict the solution space in a reasonable
way.

Our constrained floor-planning algorithm relies on
an input graph skeleton for guiding block placement,
which helps preserving the mental map of users as well
as limiting the search space for the NP-hard floor-
planning problem. If all edges of the graph are re-
moved, the problem will then become conventional
floor-planning problem, which may not be sufficiently
solved using MIP solvers. We suggest users to add at
least one edge to each block for better control of the
layout.

7.3 Content-adaptive navigation

We also incorporate a content-adaptive navigation
scheme to support the layout navigation. The zoom-
levels have been categorized into three, including the
overview level, the intermediate level, and the detailed
level, where the font size and intensity are changed
accordingly. Four color schemes, including the prede-
fined, the monotone, the pastel, and the ColorBrewer
color sets, are incorporated for selection. The high
level category names (ex. names of ontology labels
or compartments) are placed at the center of each
block, while we rotate the name 90 degrees when the
block is vertically extremely long. At the intermediate
level, we also enlarge the reaction names by a factor
of 3, so that names become readable when the screen
space is sufficiently large. The font intensity of cate-
gory names is decreased as the zoom level increase,
while the names of metabolites and reactions change
contrarily. Metabopolis also includes traditional inter-
actions such as highlighting reactions and metabolites,
as well as corresponding neighbors.

8 Experimental Results, Evaluation, and
Discussion

The Metabopolis diagram representing the major cat-
egories of the human metabolic network is shown in
Fig. 2. The red route in Glycolysis Gluconeogenesis
(orange block) shows the cytoplasmatic oxidation of
glucose to produce ATP. Using our diagram (each
category is represented by a different color), we im-
mediately observe that the entire process only hap-
pens in Glycolysis Gluconeogenesis since all positions
of the corresponding reactions are constrained within
one block. However, the produced ATP is placed on
the boundary of the block here, which means that it
also serves as reactant of other reactions outside the
Glycolysis Gluconeogenesis. In biology, ATP is the key
energy molecule utilized to drive other biological reac-
tions. The green route shows an example of ATP con-
version in the cytoplasm to enable urea synthesis (the
blue route). Compared to Glycolysis Gluconeogenesis,
reactions involved in urea synthesis are more compli-
cated, since they require to bring ammonia from mito-
chondria to the cytoplasm to complete the synthesis.
This is visualized by showing the reactions involved
actually belong to Urea Cycle, Alanine and Aspartate
Metabolism, and Transport pathways in our diagram.

Figure 9 is an example of reproducing the KEGG
overview pathway map of human metabolic pathways,
and the diagram is fully computed using Metabopolis
without manual adjustment. Metabopolis allows us to
automatically duplicate the nodes by setting an exper-
imental threshold 80 to the frequency of inter-category
edges. This result is similar to the original KEGG
map [68], since blocks with warm and cool colors are
grouped together as originally designed. In addition to
the automatic layout computation, Metabopolis also
supports several user interactions. This allows users
to assign strongly connected blocks as neighboring
blocks, highlight connected reactions or metabolites,
and relationships between reactions and metabolites.
Figure 10 shows the result, where we parsed the graph
data and assigned the block position by referring to the
category position from the metabolic pathway diagram
of KEGG [68]. We also borrow the color coding from
KEGG and assign the initial block center by calculat-
ing the average of nodes involved in the same semantic
categories.

Figure 11 shows the same human metabolic network
ReconMap [4, 69]. To the best of our knowledge, this
is the first automatically generated pathway diagram
that shows the entire human metabolic network in a
clear, orthogonal, and hierarchically structured fash-
ion.

Since pathway diagrams provide a way to under-
stand fundamental metabolisms and the responses
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of diseases to drugs, researchers increasingly pursue
network-centric approaches to investigate the func-
tionality and controllability of pathways. There are
two typical pathway categories: small pathway maps
(e.g., citric acid cycle) often summarize a set of core
chemical reactions and large pathway maps (e.g., hu-
man metabolic pathways), which collect extensive pro-
cesses among one species. The former pathways such
as Fig. 2 are often used to describe a specific biochem-
ical theme and the latter such as Figs. 9 and 11 are
commonly referred to imagine how the functions of a
metabolite would influence the entire metabolism. At-
tributes of chemical components and reactions, such as
cell compartments (organelles) and biological pathway
ontology (the standard identifiers), allow researchers
to share the corresponding knowledge by querying for
categories of interest [70].

Table 1 summarizes the size of the metabolic net-
works visualized in this paper, where |V |, |E|, and
density (Den) correspond to node number, edge num-
ber, and density before node duplication, respectively.
Similarly, |VD|, |ED|, and density (DenD) are the
respective values after node duplication. The edge
density function for Den and DenD is defined as
|E|/(|V |2 − |V |) [33] in Table 1. Note that here we de-
compose a hyperedge of a reaction into multiple edge
segments used to connect metabolites to construct our
network. The duplication allows us to reduce graph
density to untangle edge crossing in the visualization.

Table 1 The number of nodes (|V |), edges (|E|), and density
(Den) before and after node duplication, while |C| shows the
number of categories of our sample images.

Before duplication/After duplication
|V |/|VD| |E|/|ED| Den/DenD |C|

Fig. 2 593/948 1244/1635 0.354%/0.182% 11
Fig. 10- 9 3679/5954 4008/4010 0.030%/0.011% 13
Fig. 11 12503/22860 31540/42007 0.020%/0.008% 100

Table 2 presents the computation times of the figures
shown in this paper. Although it still takes a few hours
to compute the entire human metabolic network, our
approach provides the first computational tool to gen-
erate pathway maps of that size automatically rather
than in months of tedious manual work. In addition,
we also visually compare the results generated using
Prefuse Force-Directed Layout [25], Compound Spring
Embedder Layout (CoSE) [71], and Metabopolis in Ap-
pendix A.

For validating our approach we reached out to do-
main experts who manually create pathways in their
daily research and interviewed them after they investi-
gated several maps generated using Metabopolis. This
includes one of our co-authors, Dr. Filipa L. Sousa,
one member from ReconMap [4], three members from
KEGG [3], and one member from CellDesigner [22].

Table 2 Computation times of each algorithmic step of the
sample images (in seconds).

floorplan
(Sec 4.2)

adjustment
(Sec 4.3)

orthogonal
(Sec 5.1)

local flow
(Sec 5.2)

global flow
(Sec 6.1)

Fig. 2 0.94 0.62 0.06 0.03 5.54
Fig. 10 10.65 0.62 33.17 0.75 60.01
Fig. 9 11.14 0.88 33.08 0.78 61.15
Fig. 11 5630 643 193.15 191.44 1634

Dr. Sousa mentioned that compared to conventional
network visualization such as the overview map from
KEGG pathway maps [3] and a force-directed layout
from Cytoscape [25]), one has to get used to the lay-
out of Metabopolis initially. Then, it becomes easier to
adapt to the proposed layout and visualization rules
since it restricts the positions of categories. It is also
an advantage to select categories and arrange adjacent
categories to personalize the pathway maps. Regarding
the design principles, grouping of pathways within the
same category is a good option to emphasize chem-
ical components in the same categories. For a larger
map, since each reaction is represented in its full form,
node duplication is helpful while some maps might be-
come too confusing. An automatic scheme by cloning
commonly duplicated metabolites from the manually-
created maps is good so that it is not infeasible both
from the biological and from the layout side. One may
need to learn the decomposition scheme of long di-
rected edges, while it is understandable through expe-
rience. The background line-set feature, which uses line
width to represent the number of reactions a metabo-
lite is involved in, provides a good visual guidance
to which metabolite has the strongest connectivity to
other metabolites when visualizing a certain compart-
ment/category of reactions in detail. Nonetheless, if
someone is not familiar with the nomenclature com-
monly used in metabolic networks, visually searching
reactants and products of a reaction on a pathway
map is impractical compared to name query. However,
once the right metabolite is chosen, it becomes intu-
itive to read the connectivity and the belonging cate-
gory through Metabopolis. Color-coded bundled edges
is not intuitive if the map is large, while together with
color highlighting it is clearer.

Dr. Ronan Fleming from ReconMap [4] has initiated
the project for manually drawing human metabolic
pathways in a full form to support comprehensive
understanding of the network content together with
omics data and simulation results. He expressed his
great interest to Metabopolis since he did not receive
more than one feedback from the Graph Drawing Con-
test 2017 [14] and considered our technique the first
automatic approach targeting this large network. He
confirmed that this first work opens new opportunities
in the bioinformatics community. Since Dr. Fleming’s
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team has used CellDesigner [22] for manually gener-
ating pathway layout, we also interviewed Dr. Akira
Funahashi, the corresponding author of CellDesigner.
Dr. Funahashi is impressed by the layout controllabil-
ity of the maps generated by Metabopolis, while he
suggests to fully control the sub-patterns to make the
maps easier to memorize and relax the shapes of rect-
angles to create distinct block structures. Dr. Minoru
Kanehisa and his team members have been working
on manually creating pathway maps for KEGG path-
way database [3] for 20 years because they believe the
quality of hand-crafted pathway maps is better. With
our technique, they see the potential to automatically
arrange reactions in the same organelle closer to each
other and provide readers with an opportunity to learn
pathways in a top-down fashion.

Although all domain experts agree that the manu-
ally adjusted layout still performs better in terms of
visual quality (e.g., preserving citric acid cycle as a
circle in the drawing), they have inspected our auto-
matically generated diagrams with great interest and
forsee its future potential. We were recommended to
include the layout algorithm in conventional software
packages, so that both biologists and bioinformatics
community can connect our layout to existing biolog-
ical databases, and to incorporate search functions to
facilitate sophisticated pathway analysis, including re-
trieving additional information regarding genes, cat-
alyzing reactions and other biological information such
as KOs, COGs, etc. Advanced editing is also advised
to revise the datasets. After the discussion, we have
improved the display of all nine combinations of di-
rectional/bidirectional edges shown in Fig. 4(b), by
generating one line between pairs of chemical compo-
nents and thus producing a dense line drawing when
the diagram is large. We then bundle these lines to
a certain width, while allowing users to highlight and
extend their target of interests through our user inter-
face, or click on the chemical component to see how it
is distributed as the conventional hand-drawn pathway
maps provided.

9 Conclusion and Future Work
This paper presents the very first approach to auto-
matically design biological pathway diagrams in ur-
ban map style by integrating a constrained floor-plan
technique together with a visual hierarchical represen-
tation using a network flow algorithm for edge rout-
ing. Our approach ensures the appropriate partitioned
space for categories with biological meanings, while
seeking the balance between size of categories and
neighborhood relationship. This has been done by for-
mulating the problem as a mixed integer program-
ming model. We devise a visual hierarchical design for

metabolites by borrowing the concept of urban maps,
where we reasonably bind the line sets connecting to
identical metabolites to restricted roads bounded by
categories. The paths have been distributed by flow-
network algorithms. An interface for editing, navigat-
ing and highlighting target metabolites is also provided
for further customization.

Metabopolis is the first work aiming at automatic
generation of entire large metabolic pathways, thus we
open a myriad of opportunities for a domain where
there were only few and mostly non-customized man-
ually designed maps until now. Future work will in-
volve the creation of a visual web repository, where
biologists can continuously add or create their maps
together with sharing the maps with the rest of the
community. Everyone is welcomed to contribute to the
knowledge collection and suggest preferable visual rep-
resentations since the layout is expected to be created
associated with preferred tasks. We will allow users to
create and update the diagram with domain-specific
information so that we can automatically transform
this knowledge to mathematical equations for the lay-
out optimization. To achieve this, we have been in col-
laboration with CellDesigner [22] on plugin develop-
ment, and plan to release packages for other popular
tools such as Cytoscape [25] to initiate the dynamic
pathway layout framework in the biology community.
We have released our initial system on GitHub [67],
a tutorial (Appendix B), and will complete the entire
framework by coupling with a version control system
for pathway diagrams. Another goal is to reach out to
the structural biology community by integrating the
pathway diagrams with structural data of the chemi-
cal components. By extending the rectangular blocks,
we target more complex geometry for representing the
context of the chemical components such as cell com-
partments, cell types, or organs.
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Additional Files
Additional file 1 — Appendices

In Appendices, we first compare and describe the experimental results

generated using conventional layout algorithms and our approach.

Afterward, a tutorial of Metabopolis has been included to explain the usage

of the software.
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Figure 2 An example of major pathways in human metabolism, including eleven categories highlighted in differently colored blocks.
The red route indicates a path for cytoplasmatic oxidation of glucose in cytoplasm in order to obtain ATP (energy), and the blue
route shows how humans transform ammonia to urea to eliminate the toxic ammonia in the Urea Cycle. Our visualization shows
that the first procedure only occurs in Glycolysis Gluconeogenesis (orange block) locally, while the chemical components globally
move across multiple categories (e.g., mitochondria to cytoplasm through the transport pathways) in the second process. The green
route further highlights how the energy generated from the glucose oxidation comes to support catalyzing the urea synthesis. Users
can simultaneously read the local and global information using the diagram generated by our system.
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Figure 3 Our visualization framework to support pathway analysis, including (1) constructing
a user-specified connectivity graph, (2) overlap-free rectangle placement, (3) maximizing
screen space, (4) constructing orthogonal layout of each subgraph and (5) highlight
relationships among different categories.

Figure 4 Our design for
long edges, including (a) a
long directed path
decomposition and (b) the
corresponding color coding
of discriminating types of
communication.
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Figure 5 Examples of building our graph skeleton, including
(a) a K4 graph, (b) a chordless graph, (c) a degree 4 star
graph, and (d) an appropriate order for initial crossing-free
layout.

Figure 6 Illustrations of our mathematical constraints,
including (a) block representation using Chebyshev distance,
(b) alignment of blocks along boundaries, (c) configuration
space by Minkowski sum, and (d) overlap free condition.

Figure 7 Illustrations of relative positioning constraints,
including (a) preservation of spatial relationship and (b)
barycenter of a triangle face.
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Figure 8 Examples of global and local edge routing, based on (a) a TreeMap decomposition. (b) A local flow network for guiding
lines connecting reactions and chemical components settled on the block, and (c) restricted capacity to avoid multiple flows passing
on one intermediates node. (d) A global flow network to build up line-set visualization for chemical components.
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Figure 9 Redrawing the human metabolic pathway map of KEGG [68] by using Metabopolis. Blocks with warm colors are grouped
to the right and cool colors are grouped to the left as originally designed in the KEGG overview map.

Figure 10 Compared to Figure 9, the relative positions of urban blocks are manually adjusted by referring to the semantic
categories defined in the KEGG overview pathway map [68].
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acgagbside_hs[g]
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sgalside_hs[l]

galside_hs[l]
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glc_D[l]

sphings[l]
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cholp[l]
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udpacgal[g]
udpacgal[g]
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accoa[g]

accoa[g]

coa[g]
coa[g]

oagd3_hs[g]
oagt3_hs[g]

gd1b2_hs[g]
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gp1c_hs[g]

gq1b_hs[g]

gt1a_hs[g]

gd1c_hs[g]

gp1calpha_hs[g]

udpgal[g]
galgluside_hs[g]

gluside_hs[g]

atp[c]

adp[c]

crm_hs[c]

crmp_hs[c]

o2[c]

coa[c]

nad[c]

nadph[c]

nadp[c]

fadh2[c]

fad[c]
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crm_hs[c]

crm_hs[c]

crm_hs[c]

sphgn[c]
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pap[g]

galside_hs[g]

sgalside_hs[g]
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pap[g]

digalside_hs[g]

digalsgalside_hs[g]

accoa[c]
coa[c]

oagd3_hs[c]

accoa[c]
coa[c]

oagt3_hs[c]

glc_D[c]

crm_hs[c]
gluside_hs[c]

gal[l]

galside_hs[l]
digalside_hs[l]

udp[l]

udpacgal[l]

acgbgbside_hs[l]

gbside_hs[l]

udp[l]

udpacgal[l]

gbside_hs[l]

acgagbside_hs[l]

sph1p[r]

sphgn[r]

sphs1p[r]

sphings[r]

ethamp[r]
sph1p[r]

ethamp[r]

hdca[r]

sphs1p[r]

atp[c]

adp[c]

sph1p[c]

sphgn[c]

crm_hs[g]

sphmyln_hs[g]

cholp[g]

cholp[c]
spc_hs[c]

sphings[c]

pchol_hs[c]

sphmyln_hs[c]

dag_hs[c]

crm_hs[c]

atp[c]

adp[c]

sphings[c]

sphs1p[c]

sphmyln_hs[c]

Rtotal[c]

spc_hs[c]

udp[r]

crm_hs[r]

udpg[r]

gluside_hs[r]

nadph[c]
nadp[c]

ethamp[c]

hxdcal[c]

sphs1p[c]

sph1p[c]
sphgn[c]

amet[c]

amet[c]

ahcys[c]

ahcys[c]
cholp[c]

HC00718[c]

atp[c]

atp[c]

atp[c]

adp[c]

adp[c]

adp[c]

ipdp[c]

mev_R[c]

nadph[r]
nadp[r]

chsterol[r]

dsmsterol[r]

coa[c]

hmgcoa[c]

mev_R[c]

dmpp[c]

ipdp[c]

strch1[e]
strch2[e]

glygn2[e]
glygn4[e]

glygn5[e]malt[e]

Tyr_ggn[e]

ggn[c]

glygn3[c]

ggn[c]

dxtrn[c]

glc_D[c]dxtrn[c]

glygn3[c]

malt[c]

malt[e]

glc_D[l]

fru[c]

fru[c]

fru[c]

fru[c]

glc_D[c]

malt[c]

glc_D[e]

malt[e]malttr[e]

glc_D[e]

glygn4[e]glygn5[e]

glc_D[e]malt[e]

strch2[e]

tre[e]

udpg[c]

udpglcur[c]

g1p[c]

udpg[c]

ump[c]

ump[e]

ggn[c]

glygn3[c]

glc_D[e]malttr[e]

maltttr[e]

glc_D[e]
maltttr[e]

maltpt[e]

glc_D[e]
maltpt[e]

malthx[e]

glc_D[e]malthx[e]

malthp[e]

fru[c]

glc_D[e]

5adtststerone[c]5adtststerones[c]

pap[c]

paps[c]

nadph[c]

nadp[c]

prgstrn[c]

aprgstrn[c]

so4[c]
chsterol[c]

chsterol[c]

pap[c]

paps[c]

pap[c]
paps[c]

dhea[c]

dheas[c]

estrone[c]

pap[c]

paps[c]

estrones[c]

nadph[r]

nadp[r]

nad[r]

crtsl[r]

crtsl[r]

nadph[c]

estrone[c]

nadp[c]
estradiol[c]

nadph[r]

nadph[r]

nadph[r]

nadph[r]
nadph[r]

nadph[r]

nadph[r]
nadph[r]

nadph[r]
nadph[r]

nadph[r]

nadph[r]
nadph[r]

nadph[r]
estrone[r]

nadp[r]

nadp[r]

nadp[r]

nadp[r]

nadp[r]

nadp[r]
nadp[r]

nadp[r]

nadp[r]
nadp[r]

nadp[r]

nadp[r]

nadp[r]

nadp[r]
nad[r]

nad[r]

nad[r]
nad[r]

nad[r]

nad[r]

so4[r]

andrstrn[r]

andrstrn[r]

andrstrn[r]

for[r]
tststerone[r]

tststerone[r]

prgnlone[r]

prgnlone[r]
dhea[r]

dhea[r]

dhea[r]
acald[r]

acald[r]
11docrtstrn[r]

11docrtsl[r]

nadph[r]

estrone[r]

nadp[r]

estradiol[r]

estrone[r]

estradiol[r]

nad[r]
nad[c]

prgstrn[c]

prgnlone[c]

ac[c]

ac[c]

o2[c]

o2[c]

nad[c]

nadph[c]

nadph[c]

nadph[c]

nadp[c]

nadp[c]

nadp[c]
so4[c]

dhea[c]

tststerone[c]

nadp[m]

nadph[m]

chsterol[m]

4mptnl[m]

prgnlone[m]

nadp[m]

nadph[m]

o2[m]

11docrtstrn[m]

crtstrn[m]

nadp[m]

nadph[m]

o2[m]

11docrtsl[m]

crtsl[m]

nadp[m]

nadph[m]

11docrtstrn[m]

aldstrn[m]

nadph[r]

nadp[r]

estradiol[r]

for[r]

tststerone[r]

nadph[r]
nadp[r]

estradiol[r]
hestratriol[r]

nadph[r]

nadp[r]
tststerone[r]

nadph[r]
nadp[r]

tststerone[r]
6htststerone[r]

so4[c]

pap[c]

paps[c]

prgnlone[c]

prgnlone[c]

nadph[r]

nadp[r]

5adtststerone[r]

tststerone[r]

so4[c]

dhea[c]

dheas[c]

so4[r]
dhea[r]

dheas[r]

estrone[c]
so4[c]

estrones[c]

estrone[r]
so4[r]

pap[c]

paps[c]

tststerone[c]

tststerones[c]

udp[r]

bilglcur[r]

udpglcur[r]

bilirub[r]

udp[r]

estrone[r]
udpglcur[r]

estroneglc[r]

bildglcur[r]
bilirub[r]

udp[r]

andrstrn[r]
udpglcur[r]

andrstrnglc[r]

udp[r]

udpglcur[r]
tststerone[r]

tststeroneglc[r]

udp[r]

estradiol[r]
udpglcur[r]

estradiolglc[r]

udp[r]

udpglcur[r]

udp[r]

udpglcur[r]

udp[r]

5adtststerone[r]

udpglcur[r]

5adtststeroneglc[r]

nadp[m]
nadph[m]

o2[m]
ac[m]

so4[l]

chsterol[g]

so4[l]
chsterol[l]

so4[r]
chsterol[r]

nadp[m]
nadph[m]

o2[m]
ac[m]

so4[l]

so4[r]

prgnlone[r]
ac[c]

o2[c]

crtsl[c]

o2[m]ac[m]
crtsl[m]

nadph[r]
nadp[r]

crtsl[r]
acald[r]

glc_D[c]
o2[c]

o2[c]

nad[c]
taur[c]

cysam[c]

3sala[c]

o2[c]

o2[c]

cys_L[c]
3sala[c]

o2[c]

taur[c]
Lcyst[c]

taur[x]
taur[c]

o2[c]

o2[c]

nad[c]

nadph[c]
nadp[c]

tyr_L[c]
trp_L[c]

phe_L[c]
mlthf[c]

5mthf[c]
thbpt[c]

thbpt[c]
thbpt[c]

thbpt[c]
thbpt[c]

thbpt4acam[c]

5htrp[c]

nadph[c]

nadph[c]
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thmpp[c]
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atp[c]
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thmtp[c]
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4mptnl[c]

5adtststeroneglc[r]

5adtststeroneglc[c]

5adtststerone[c]

5adtststerone[r]

6htststerone[r]

6htststerone[c]

7dhchsterol[r]

7dhchsterol[c]

acald[c]

acald[r]
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amet[c]
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arachd[c]

arachd[r]
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atp[c]
amp[c]
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guln[c]
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hdca[r]

hestratriol[r]

hestratriol[c]
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nadp[r]nad[c]
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sphs1p[r]

sphs1p[c]

tmlys[r]

tmlys[c]

tststeroneglc[r]

tststeroneglc[c]

tststerone[r]

tststerone[c]

txa2[r]

txa2[c]

udpglcur[r]

udpglcur[c]

ump[c]

ump[r]

udpg[c]

ump[c]

ump[r]

udpg[r]

udpxyl[r]

ump[c]

ump[r]

udpxyl[c]

udpacgal[c]

ump[c]

ump[r]

ump[c]

ump[r]
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arachd[r]
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cholate[c]

strdnc[r]
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atp[r]
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2425dhvitd2[e]
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34dhoxpeg[c]
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3aib[e]
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4nph[c]
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adp[c]

4pyrdx[e]

4pyrdx[c]
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5adtststerones[c]
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5fthf[e]
5fthf[c]

5homeprazole[c]

5homeprazole[e]
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adp[c]

5htrp[e]

5htrp[c]
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5mthf[c]

5mthf[e]
5mthf[c]

6htststerone[e]
6htststerone[c]abt[e]

abt[c]

4abut[e]

4abut[c]

4abut[e]

4abut[c]

acac[e]

acac[c]
acald[e]

acald[c]

accoa[c]

accoa[g]
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acgalfucgalacgalfuc12gal14acglcgalgluside_hs[c]
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ade[c]
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adprib[e]

adprib[c]
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aflatoxin[e]
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ala_L[e]
asn_L[e]

ala_L[c]
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h[r]

ACITL
pi[c]

ACONT

ACONTm

AKGDm

co2[m]

CITL

CSm

h2o[m]

h[m]

FUM

h2o[c]

FUMm

h2o[m]
ICDHxm

co2[m]

ICDHy

co2[c]

ICDHyp

co2[x]

ICDHyrm

co2[m]
MDH

h[c]
nadh[c]

MDHm

h[m]

SUCD1m

fadh2[m]

SUCOAS1m

pi[m]

SUCOASm

pi[m]

r0081

r0509

MDHx

h[x]
nadh[x]

LAPCOAl

h2o[l]
pi[l]

PAN4PP

h2o[c]
pi[c]

PNTEH
h2o[c]

r0679
h[c]

r0680
h[m]

LAPCOAe

h2o[e]
pi[e]

DPCOAK

h[c]

PNTK

h[c]

4ppan[c]

PNTKm

pnto_R[m]

h[m]

4ppan[m]

PPCDC

h[c]

co2[c]

PPNCL3

h[c]
ppi[c]

PTPAT

h[c]

ppi[c]
r0033

dpcoa[m]
h[m]

r0366
h2o[c]

r0368

r0578
h[c]

r0579
h[m]

pan4p[m]

r0580

h[c]

co2[c]

r0590

h[m]

ppi[m]

r0591

h2o[c]

2 h[c]

r0596

h2o[m]

h[m]

r0614

h[m]

co2[m]

r0671

h[c]
ppi[c]

r1430

h2o[m]

HC02223[m]

DPCOAPPe

h2o[e]

2 h[e]

PAN4PPe

h2o[e]

pi[e]

r0060

nh4[c]

r0193

h2o[c]

nh4[c]

h[c]

r0595

h[c]

4NPHSULT
h[c]

FAH1

h[c]
h2o[c]

FAH2

h[c]
h2o[c]

FAH3

h[c]
h2o[c]

P4502A6

h[c]
h2o[c]

P4502C18
h[c]

P4502C19

h[c]
h2o[c]

P4502C8

h[c]
h2o[c]

P4502C9

h[c]
h2o[c]

P4502D6

h[c]
h2o[c]

P4502E1

h[c]
h2o[c]

P4502F1

h[c]
h2o[c]

P4503A4

h[c]
h2o[c]

hnifedipine[c]

P4503A5

h[c]
h2o[c]

P4504F123r

o2[r]

h[r]

h2o[r]

DALAOXx

h2o[x]

ala_D[x]

nh4[x]

DALAxt

PYRt2p

h[c]
h[x]

BGLUGCHe

BGLUTCHLe

BGLUTDECHOe

tdechola[e]

gltdechol[e]

GUMDCHAe

dchac[e]

gumdchac[e]

GUMGCHLe

GUMTCHOLe

PECDCHe

h[e]
dchac[e]

pectindchac[e]

PECGCHLe

h[e]

PECTCHLe

h[e]

PSYGCHe

PSYTCHe

PSYTDECHe

tdechola[e]

psyltdechol[e]

ALOX12
12HPET[c]

ALOX12R

12RHPET[c]

ALOX15

ALOX5

ALOX52

h2o[c]

CBR1

h[c]

prostg1[c]

prostge1[c]

CBR2

h[c]

GGT5r
h2o[r]

leuktrC4[r]

GGT6

h2o[c]

LTA4H

h2o[c]

LTC4CP

h2o[c]

LTC4Sr

LTD4DP

h2o[c]

P4504B1r

o2[r]
h[r]

h2o[r]
12harachd[r]

P4504F121r

o2[r]
h[r]

h2o[r]
wharachd[r]

P4504F122r

o2[r]

h[r]

h2o[r]

leuktrB4woh[r]

P4504F81r

o2[r]
h[r]

h2o[r]
18harachd[r]

P450LTB4r
o2[r]

2 h2o[r]

leuktrB4wcooh[r]

PGDI

PGDIr

prostgh2[r]

prostgd2[r]

PGESr

prostge2[r]

PGISr

PGS

2 o2[c]

h[c]

h2o[c]

PGSr

2 o2[r]
h[r]

h2o[r]

TXASr

RE1077C

h[c]

CE0737[c]

CE1243[c]

RE1818C

CE4990[c]

CE5531[c]

RE1818M

CE4990[m]

CE5531[m]

RE1818R

CE4990[r]

CE5531[r]

RE1818X

gthrd[x]

CE4990[x]

CE5531[x]

RE1819C

h[c]

CE4993[c]

RE1819M

h[m]

CE5531[m]

CE4993[m]

RE1819X

h[x]

CE5531[x]

CE4993[x]

RE1978C

h2o[c]
C11695[c]

RE2050C

CE5700[c]

RE2050R

o2[r]

C13856[r]

CE5700[r]

RE2051C

h2o[c]

CE3481[c]

pi[c]

RE2051G

h2o[g]
CE3481[g]

pi[g]
C13856[g]

RE2051R

h2o[r]
CE3481[r]

pi[r]
C13856[r]

RE2067C

h2o[c]

CE5726[c]

h[c]

RE2068C

h2o[c]

CE5727[c]

h[c]

RE2069C

h2o[c]

RE2070C

CE4980[c]

h2o[c]

CE5730[c]

RE2078M

prostge2[m]

h2o[m]

C05953[m]

RE2079R
h2o[r]

C05957[r]

RE2080C

C05957[c]

h2o[c]

CE4877[c]

RE2360C

h[c]
CE4936[c]

RE2360N

leuktrE4[n]
h[n]

CE4936[n]

RE2799C

h[c]

RE2958C

h2o[r]
CE0955[r]

RE3010C

h[c]

nadh[c]

RE3010M

leuktrB4[m]
h[m]

CE4990[m]

RE3010R

h[r]

nadh[r]

RE3010X

leuktrB4[x]
h[x]

nadh[x]
CE4990[x]

RE3011M

C04853[m]
h[m]

CE2053[m]

RE3011R

C04853[r]
h[r]

nadh[r]
CE2053[r]

RE3012C

h2o[c]
CE2053[c]

2 h[c]
nadh[c]

CE2054[c]

RE3012M

h2o[m]
CE2053[m]

2 h[m]
CE2054[m]

RE3012R

h2o[r]
CE2053[r]

2 h[r]
nadh[r]

CE2054[r]

RE3014C

h[c]
C04853[c]

h2o[c]
CE2056[c]

RE3014R

o2[r]
h[r]

C04853[r]
h2o[r]

CE2056[r]

RE3015C

h[c]
CE2056[c]

h2o[c]
CE3554[c]

RE3015R

o2[r]
h[r]

CE2056[r]
h2o[r]

CE3554[r]

RE3016R

h2o[r]
h[r]

CE2054[r]
CE3554[r]

RE3017R

h2o[r]
CE2053[r]

CE2056[r]

RE3018C

h[c]

h2o[c]

CE5138[c]

RE3018R

o2[r]

h[r]

h2o[r]

CE5138[r]

RE3019C

h[c]

h2o[c]

CE5139[c]

RE3019R

o2[r]

h[r]

h2o[r]

CE5139[r]

RE3020C

h[c]

h2o[c]

CE5140[c]

RE3020R

o2[r]

h[r]

h2o[r]

CE5140[r]

RE3021C

h2o[c]

CE5141[c]

RE3022C

h2o[c]

h[c]

CE5525[c]

RE3307C

CE2445[c]
h[c]

RE3307M

CE2446[m]
h[m]

CE5349[m]

RE3307X

CE2446[x]
h[x]

CE5349[x]

RE3308C

h[c]
CE5349[c]

CE5343[c]

RE3308M

h[m]
CE5349[m]

CE5343[m]

RE3308R

h[r]
CE5349[r]

CE5343[r]

RE3308X

h[x]
CE5349[x]

CE5343[x]

RE3310C

CE5352[c]
h[c]

CE5179[c]

RE3310R

CE5352[r]
h[r]

CE5179[r]

RE3334M

CE5348[m]
CE5347[m]

RE3334X

CE5348[x]
CE5347[x]

RE3335C

CE5179[c]
ppi[c]

CE5348[c]

RE3335M

CE5343[m]
ppi[m]

CE5348[m]

RE3335R

coa[r]
CE5343[r]

ppi[r]
CE5348[r]

RE3335X

CE5343[x]
ppi[x]

CE5348[x]

RE3336M

CE5345[m]
CE5346[m]

RE3336X

CE5345[x]
CE5346[x]

RE3337M

h2o[m]
CE5347[m]

CE5344[m]

RE3337X

h2o[x]
CE5347[x]

CE5344[x]

RE3338C

CE5344[c]
h[c]

nadh[c]
CE5345[c]

RE3338M

CE5344[m]
h[m]

CE5345[m]

RE3338X

CE5344[x]
h[x]

nadh[x]
CE5345[x]

RE3339C

h2o[c]
CE5346[c]

h[c]
CE5307[c]

RE3339M

h2o[m]
CE5346[m]

h[m]
CE5307[m]

RE3339X

h2o[x]
CE5346[x]

h[x]
CE5307[x]

RE3340C

CE5329[c]
h[c]

nadh[c]
CE5331[c]

RE3340M

CE5329[m]
h[m]

CE5331[m]

RE3340X

CE5329[x]
h[x]

nadh[x]
CE5331[x]

RE3341M

CE5342[m]
CE5341[m]

RE3341X

CE5342[x]
CE5341[x]

RE3342M

CE5331[m]
CE5337[m]

RE3342X

CE5331[x]
CE5337[x]

RE3343C

h2o[c]
CE5337[c]

h[c]
CE5319[c]

RE3343M

h2o[m]
CE5337[m]

h[m]
CE5319[m]

RE3343X

h2o[x]
CE5337[x]

h[x]
CE5319[x]

RE3344M

h2o[m]
CE5341[m]

CE5329[m]

RE3344X

h2o[x]
CE5341[x]

CE5329[x]

RE3345C

CE5343[c]
ppi[c]

CE5342[c]

RE3345M

CE5343[m]
ppi[m]

CE5342[m]

RE3345R

coa[r]
CE5343[r]

ppi[r]
CE5342[r]

RE3345X

CE5343[x]
ppi[x]

CE5342[x]

RE3421M

C05957[m]
CE4876[m]

RE3421R

CE4876[r]

RE3422C

h2o[c]
CE5304[c]

RE3423C

CE4876[c]
h2o[c]

CE4877[c]

RE3430C

h[c]

nadh[c]

CE5944[c]

RE3430M

h[m]
CE4990[m]

CE5944[m]

RE3430X

h[x]
nadh[x]

CE4990[x]
CE5944[x]

RE3431C

CE4987[c]

CE4988[c]

RE3432C

h[c]

RE3432M

h[m]
CE5944[m]

CE4988[m]

RE3432X

h[x]
CE5944[x]

CE4988[x]

RE3434C

h[c]

h2o[c]

CE4989[c]

RE3434R

o2[r]

h[r]

CE4988[r]

h2o[r]

CE4989[r]

RE3435C

h[c]

CE5945[c]

h2o[c]

CE5946[c]

RE3435R

o2[r]

h[r]

CE5945[r]

h2o[r]

CE5946[r]

RE3436C

h[c]

h2o[c]
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h[r]

CE4989[r]

h2o[r]

CE5945[r]

RE3437C

h2o[c]

h[c]

CE5947[c]

RE3443M

CE5966[m]
CE5967[m]

RE3443X

CE5966[x]
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RE3444C

h2o[c]
CE5967[c]

h[c]
CE5968[c]

RE3444M

h2o[m]
CE5967[m]

h[m]
CE5968[m]

RE3444X
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CE5967[x]
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RE3445M
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RE3446M

CE4988[m]
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RE3446R
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CE4988[r]
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RE3446X

CE4988[x]
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RE3447X
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RE3448C

CE5971[c]
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RE3448M
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RE3448X
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CE5966[x]
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3 CE5535[c]

RE3450C

CE5534[c]
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RE3451C
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5 h[c]
3 arachd[c]
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4 h2o[c]

3 CE5925[c]

RE3453C

4 h[c]

CE5926[c]

h2o[c]
CE5929[c]

RE3454C
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5 o2[c]

4 arachd[c]

2 h2o[c]
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RE3456C
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CE5930[c]

h2o[c]
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RE3457C
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5 h[c]

3 arachd[c]

5 o2s[c]

4 h2o[c]

3 CE5537[c]

RE3459C

4 h[c]

CE5533[c]
h2o[c]

CE5924[c]

RE3460C

RE3477C

h2o[r]
h2[c]

CE1447[c]

RE3485C

CE2540[c]
CE6508[c]

RE3485N

o2[n]
CE2540[n]

CE6508[n]

RE3486C

CE6508[c]
h2o[c]

CE7079[c]

RE3488C

CE2540[c]
CE7091[c]

RE3488N

o2[n]
CE2540[n]

CE7091[n]

RE3488R

o2[r]
CE2540[r]

CE7091[r]

RE3488X

CE2540[x]
CE7091[x]

RE3490C

2 h[c]
CE7080[c]

h2o[c]
CE7082[c]

RE3491C

h2o[c]
CE7079[c]

CE7083[c]

RE3492C

h2o[c]
CE7079[c]

CE7084[c]

RE3493C

2 h[c]
CE6508[c]

h2o[c]
CE7085[c]

RE3494C

h2o[c]
CE7086[c]

CE7087[c]

RE3495C

CE7079[c]
CE7086[c]

RE3496C

CE7088[c]

HC02213[c]

RE3496N

CE7088[n]

C06439[n]

RE3498N

o2[n]
CE7081[n]

h2o[n]
CE7109[n]

RE3498R

o2[r]
CE7081[r]

h2o[r]
CE7109[r]

RE3499C

h2o[c]
CE7110[c]

CE7114[c]

RE3500C

h2o[c]
CE7109[c]

CE7113[c]

RE3500R

h2o[r]
CE7109[r]

CE7113[r]

RE3500X

h2o[x]
CE7109[x]

CE7113[x]

RE3501C

h2o[c]
CE7109[c]

CE7112[c]

RE3501R

h2o[r]
CE7109[r]

CE7112[r]

RE3501X

h2o[x]
CE7109[x]

CE7112[x]

RE3502C

CE7085[c]
h[c]

CE7111[c]

RE3502X

CE7085[x]
h[x]

CE7111[x]

RE3503C

CE7090[c]
h2o[c]

CE7110[c]

RE3503N

o2[n]
CE7090[n]

h2o[n]
CE7110[n]

RE3506C

h[c]
CE7083[c]

h2o[c]
CE7115[c]

RE3506R

o2[r]

h[r]

CE7083[r]

h2o[r]

CE7115[r]

RE3524R
h2o[r]

RE3532C

CE6240[c]

CE6241[c]

RE3532M

CE6240[m]

CE6241[m]

RE3532R

CE6240[r]

CE6241[r]

RE3533C

C05957[c]

CE6242[c]

RE3533M

C05957[m]

CE6242[m]

RE3533R

CE6242[r]

RE3534C

CE4876[c]

CE6243[c]

RE3534M

CE4876[m]

CE6243[m]

RE3534R
CE6243[r]

RE3535R

2 h[r]
h2o[r]

RE3536C

h[c]
CE6243[c]

CE6245[c]

RE3537C

h[c]
CE6241[c]

CE6244[c]

RE3550X

h[x]
leuktrE4[x]

h2o[x]
C03577[x]

RE3551X

C03577[x]
h[x]

nadh[x]
CE5994[x]

RE3552X

h2o[x]

CE5994[x]

2 h[x]

nadh[x]

CE5995[x]

RE3554C

CE6235[c]

RE3554M

C05953[m]

CE6235[m]

RE3554R

C05953[r]

CE6235[r]

RE3556C

HC02202[c]

HC02206[c]

RE3557C

HC02202[c]

C11304[c]

RE3557M

C04685[m]

C11304[m]

RE3557R

C04685[r]

C11304[r]

RE3559M

CE6183[m]

CE6184[m]

RE3559X

CE6183[x]

CE6184[x]

RE3560C

h2o[c]
CE6184[c]

h[c]
CE6185[c]

RE3560M

h2o[m]
CE6184[m]

h[m]
CE6185[m]

RE3560X

h2o[x]
CE6184[x]

h[x]
CE6185[x]

RE3561M

CE6182[m]
CE6186[m]

RE3561X

CE6182[x]
CE6186[x]

RE3562C

CE2054[c]
ppi[c]

CE6182[c]

RE3562M

CE2054[m]
ppi[m]

CE6182[m]

RE3562R

coa[r]
CE2054[r]

ppi[r]
CE6182[r]

RE3562X

CE2054[x]
ppi[x]

CE6182[x]

RE3563M

h2o[m]
CE6186[m]

CE6187[m]

RE3563X

h2o[x]
CE6186[x]

CE6187[x]

RE3564C

CE6187[c]
h[c]

nadh[c]
CE6183[c]

RE3564M

CE6187[m]
h[m]

CE6183[m]

RE3564X

CE6187[x]
h[x]

nadh[x]
CE6183[x]

RE3565C

HC02206[c]
HC02204[c]

RE3566C

RE3567C

RE3568C

prostge1[c]
h2o[c]

HC02202[c]

RE3570C

2 h[c]
CE6230[c]

h2o[c]
CE2537[c]

RE3571C

2 o2[c]
CE2516[c]

CE6232[c]

RE3571R

2 o2[r]
CE2516[r]

CE6232[r]

RE3572X

h[x]
nadh[x]

CE6189[x]
CE6192[x]

RE3573X

h[x]
nadh[x]

CE6198[x]
CE6226[x]

RE3574X

h2o[x]
CE6188[x]

h[x]
CE6193[x]

RE3575X

CE6189[x]
CE6188[x]

RE3576X

CE6190[x]
CE6191[x]

RE3577X

CE5995[x]
ppi[x]

CE6190[x] RE3578X

h2o[x]
CE6191[x]

CE6192[x]

RE3580X

CE6188[x]
CE6204[x]

RE3581X

h[x]
CE6204[x]

CE6227[x]

RE3582X

CE6227[x]
CE6225[x]

RE3583X

h2o[x]
CE6225[x]

CE6226[x]

RE3586X

h2o[x]
CE6228[x]

h[x]
CE6229[x]

RE3587C

CE6234[c]
prostge1[c]

RE3587N

CE6234[n]

prostge1[n]

RE3596C

h[c]

CE5976[c]

RE3596M

h[m]
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r1092

2436 h2o[c]

2436 atp[c]

62 glu_L[c]

36 asp_L[c]

17 asn_L[c]

63 ala_L[c]

35 cys_L[c]

20 gln_L[c]

13 gly[c]

28 ser_L[c]

60 lys_L[c]

27 arg_L[c]

7 met_L[c]

24 pro_L[c]

1827 adp[c]

1827 pi[c]

609 amp[c]

609 ppi[c]

HC00001[c]

r1093

1692 h2o[c]
1692 atp[c]

29 glu_L[c]
25 asp_L[c]

19 asn_L[c]
34 ala_L[c]

3 cys_L[c]
17 gln_L[c]

16 gly[c]
30 ser_L[c]

29 thr_L[c]
26 lys_L[c]

16 arg_L[c]
14 met_L[c]

9 his_L[c]
9 tyr_L[c]

20 ile_L[c]
59 leu_L[c]

3 trp_L[c]
25 phe_L[c]

16 pro_L[c]
24 val_L[c]

1269 adp[c]
1269 pi[c]

423 amp[c]
423 ppi[c]

HC00002[c]

r1094

1672 h2o[c]
1672 atp[c]

32 glu_L[c]
24 asp_L[c]

19 asn_L[c]
26 ala_L[c]

3 cys_L[c]
18 gln_L[c]

24 gly[c]
25 ser_L[c]

30 thr_L[c]
34 lys_L[c]

7 arg_L[c]
10 met_L[c]

13 his_L[c]
6 tyr_L[c]

20 ile_L[c]
51 leu_L[c]

3 trp_L[c]
27 phe_L[c]

19 pro_L[c]
27 val_L[c]

1254 adp[c]
1254 pi[c]

418 amp[c]
418 ppi[c]

HC00003[c]

r1095

18244 h2o[c]
18244 atp[c]

298 glu_L[c]
233 asp_L[c]

247 asn_L[c]
275 ala_L[c]

25 cys_L[c]
230 gln_L[c]

207 gly[c]
392 ser_L[c]

300 thr_L[c]
357 lys_L[c]

150 arg_L[c]
79 met_L[c]

115 his_L[c]
151 tyr_L[c]

285 ile_L[c]
533 leu_L[c]

37 trp_L[c]
224 phe_L[c]

171 pro_L[c]
252 val_L[c]

13683 adp[c]
13683 pi[c]

4561 amp[c]
4561 ppi[c]

HC00005[c]

r1096

496 h2o[c]
496 atp[c]

5 glu_L[c]
8 asp_L[c]

11 ala_L[c]
2 cys_L[c]

7 gln_L[c]
6 gly[c]

8 ser_L[c]
6 thr_L[c]

4 lys_L[c]
9 arg_L[c]

5 met_L[c]
4 tyr_L[c]

4 ile_L[c]
20 leu_L[c]

3 phe_L[c]
9 pro_L[c]

11 val_L[c]
372 adp[c]

372 pi[c]
124 amp[c]

124 ppi[c]

r1097

348 h2o[m]
9 glu_L[m]

13 asp_L[m]
348 atp[m]

3 ala_L[m]
3 gly[m]

7 lys_L[m]
5 pro_L[m]

261 adp[m]
261 pi[m]

87 amp[m]
87 ppi[m]

r1098

332 h2o[c]
332 atp[c]

8 glu_L[c]
4 asp_L[c]

5 ala_L[c]
3 gln_L[c]

3 gly[c]
9 ser_L[c]

3 thr_L[c]
9 lys_L[c]

4 arg_L[c]
2 met_L[c]

4 ile_L[c]
12 leu_L[c]

4 phe_L[c]
4 pro_L[c]

7 val_L[c]
249 adp[c]

249 pi[c]
83 amp[c]

83 ppi[c]
HC00006[c]

r1099

404 h2o[c]
404 atp[c]

8 glu_L[c]
4 asp_L[c]

7 ala_L[c]
8 gln_L[c]

5 gly[c]
9 ser_L[c]

10 thr_L[c]
6 lys_L[c]

2 arg_L[c]
3 met_L[c]

5 tyr_L[c]
15 leu_L[c]

4 phe_L[c]
5 pro_L[c]

7 val_L[c]
303 adp[c]

303 pi[c]
101 amp[c]

101 ppi[c]
HC00007[c]

r1100

396 h2o[c]
396 atp[c]

5 glu_L[c]
7 asp_L[c]

15 ala_L[c]
6 gln_L[c]

3 gly[c]
12 ser_L[c]

5 thr_L[c]
6 lys_L[c]

4 arg_L[c]
3 met_L[c]

2 tyr_L[c]
11 leu_L[c]

3 trp_L[c]
4 phe_L[c]

3 pro_L[c]
9 val_L[c]

297 adp[c]
297 pi[c]

99 amp[c]
99 ppi[c]

HC00008[c]

r1101

10696 h2o[c]
10696 atp[c]

186 glu_L[c]
176 asp_L[c]

138 asn_L[c]
134 ala_L[c]

48 cys_L[c]
110 gln_L[c]

262 gly[c]
278 ser_L[c]

182 thr_L[c]
154 lys_L[c]

134 arg_L[c]
48 met_L[c]

62 his_L[c]
98 tyr_L[c]

104 ile_L[c]
166 leu_L[c]

60 trp_L[c]
98 phe_L[c]

114 pro_L[c]
122 val_L[c]

8022 adp[c]
8022 pi[c]

2674 amp[c]
2674 ppi[c]

HC01852[c]

r1102

1624 h2o[c]

1624 atp[c]

25 glu_L[c]

25 asp_L[c]

21 asn_L[c]

30 ala_L[c]

12 cys_L[c]

17 gln_L[c]

31 gly[c]

18 ser_L[c]

22 thr_L[c]

35 lys_L[c]

9 arg_L[c]

5 met_L[c]

13 his_L[c]

21 tyr_L[c]

18 ile_L[c]

31 leu_L[c]

8 trp_L[c]

8 phe_L[c]

21 pro_L[c]

36 val_L[c]

1218 adp[c]

1218 pi[c]

406 amp[c]

406 ppi[c]

HC01939[c]

r1103

3240 h2o[c]

3240 atp[c]

56 glu_L[c]

36 asp_L[c]

40 asn_L[c]

37 ala_L[c]

48 cys_L[c]

31 gln_L[c]

62 gly[c]

56 ser_L[c]

61 thr_L[c]

49 lys_L[c]

42 arg_L[c]

11 met_L[c]

24 his_L[c]

30 tyr_L[c]

22 ile_L[c]

48 leu_L[c]

19 trp_L[c]

21 phe_L[c]

69 pro_L[c]

48 val_L[c]

2430 adp[c]

2430 pi[c]

810 amp[c]

810 ppi[c]

HC01942[c]

r1104

2488 h2o[c]

2488 atp[c]

51 glu_L[c]

35 asp_L[c]

25 asn_L[c]

42 ala_L[c]

26 cys_L[c]

26 gln_L[c]

49 gly[c]

38 ser_L[c]

36 thr_L[c]

29 lys_L[c]

44 arg_L[c]

9 met_L[c]

13 his_L[c]

21 tyr_L[c]

22 ile_L[c]

51 leu_L[c]

14 trp_L[c]

21 phe_L[c]

33 pro_L[c]

37 val_L[c]

1866 adp[c]

1866 pi[c]

622 amp[c]

622 ppi[c]

HC01943[c]

r1105

2792 h2o[c]

2792 atp[c]

42 glu_L[c]

45 asp_L[c]

34 asn_L[c]

61 ala_L[c]

40 cys_L[c]

17 gln_L[c]

52 gly[c]

41 ser_L[c]

30 thr_L[c]

58 lys_L[c]

27 arg_L[c]

10 met_L[c]

19 his_L[c]

26 tyr_L[c]

15 ile_L[c]

65 leu_L[c]

8 trp_L[c]

28 phe_L[c]

32 pro_L[c]

48 val_L[c]

2094 adp[c]

2094 pi[c]

698 amp[c]

698 ppi[c]

HC01944[c]

r1112

1268 h2o[c]
1268 atp[c]

40 glu_L[c]
11 asp_L[c]

39 ala_L[c]
2 cys_L[c]

32 gln_L[c]
18 gly[c]

14 ser_L[c]
12 thr_L[c]

13 lys_L[c]
34 arg_L[c]

8 met_L[c]
2 his_L[c]

4 tyr_L[c]
2 ile_L[c]

41 leu_L[c]
8 trp_L[c]

4 phe_L[c]
8 pro_L[c]

24 val_L[c]
951 adp[c]

951 pi[c]
317 amp[c]

317 ppi[c]
HC00009[c]

r1113

1068 h2o[c]
1068 atp[c]

30 glu_L[c]
16 asp_L[c]

5 asn_L[c]
23 ala_L[c]

19 gln_L[c]
11 gly[c]

16 ser_L[c]
12 thr_L[c]

22 lys_L[c]
17 arg_L[c]

4 met_L[c]
6 his_L[c]

7 tyr_L[c]
41 leu_L[c]

5 trp_L[c]
8 phe_L[c]

10 pro_L[c]
15 val_L[c]

801 adp[c]
801 pi[c]

267 amp[c]
267 ppi[c]

HC00004[c]

r1293

420 h2o[c]
420 atp[c]

10 glu_L[c]
7 asp_L[c]

3 asn_L[c]
8 ala_L[c]

5 cys_L[c]
5 gln_L[c]

5 gly[c]
7 ser_L[c]

4 thr_L[c]
12 lys_L[c]

3 met_L[c]
4 ile_L[c]

6 leu_L[c]
9 phe_L[c]

3 pro_L[c]
11 val_L[c]

315 adp[c]
315 pi[c]

105 amp[c]
105 ppi[c]

r1294

664 h2o[c]

664 atp[c]

6 glu_L[c]

12 asp_L[c]

4 asn_L[c]

11 ala_L[c]

3 cys_L[c]

10 gln_L[c]

10 gly[c]

8 ser_L[c]

12 thr_L[c]

11 lys_L[c]

9 arg_L[c]

4 met_L[c]

3 his_L[c]

2 tyr_L[c]

9 ile_L[c]

15 leu_L[c]

2 trp_L[c]

6 phe_L[c]

12 pro_L[c]

17 val_L[c]

498 adp[c]

498 pi[c]

166 amp[c]

166 ppi[c]

r1333

304 h2o[c]
304 atp[c]

HC00001[c]
304 adp[c]

304 pi[c]
62 glu_L[c]

36 asp_L[c]
17 asn_L[c]

63 ala_L[c]
35 cys_L[c]

20 gln_L[c]
13 gly[c]

28 ser_L[c]
29 thr_L[c]

60 lys_L[c]
27 arg_L[c]

7 met_L[c]
16 his_L[c]

19 tyr_L[c]
9 ile_L[c]

64 leu_L[c]
2 trp_L[c]

35 phe_L[c]
24 pro_L[c]

43 val_L[c]

r1334

304 h2o[l]

HC00001[l]

304 pi[l]

304 adp[l]

17 asn_L[l]

36 asp_L[l]

60 lys_L[l]

19 tyr_L[l]

r1335

211 h2o[c]

211 atp[c]

HC00002[c]

211 adp[c]

211 pi[c]

29 glu_L[c]

25 asp_L[c]

19 asn_L[c]

34 ala_L[c]

3 cys_L[c]

17 gln_L[c]

16 gly[c]

30 ser_L[c]

29 thr_L[c]

26 lys_L[c]

16 arg_L[c]

14 met_L[c]

9 his_L[c]

9 tyr_L[c]

20 ile_L[c]

59 leu_L[c]

3 trp_L[c]

25 phe_L[c]

16 pro_L[c]

24 val_L[c]

r1336

211 h2o[l]

HC00002[l]

211 atp[l]

211 pi[l]

34 ala_L[l]

29 glu_L[l]

16 gly[l]

16 pro_L[l]

20 ile_L[l]

211 adp[l]

29 thr_L[l]

16 arg_L[l]

19 asn_L[l]

25 asp_L[l]

3 cys_L[l]

17 gln_L[l]

9 his_L[l]

59 leu_L[l]

26 lys_L[l]

14 met_L[l]

25 phe_L[l]

30 ser_L[l]

3 trp_L[l]

9 tyr_L[l]

24 val_L[l]

r1337

209 h2o[c]

209 atp[c]

HC00003[c]

209 adp[c]

209 pi[c]

32 glu_L[c]

24 asp_L[c]

19 asn_L[c]

26 ala_L[c]

3 cys_L[c]

18 gln_L[c]

24 gly[c]

25 ser_L[c]

30 thr_L[c]

34 lys_L[c]

7 arg_L[c]

10 met_L[c]

13 his_L[c]

6 tyr_L[c]

20 ile_L[c]

51 leu_L[c]

3 trp_L[c]

27 phe_L[c]

19 pro_L[c]

27 val_L[c]

r1338

209 h2o[l]

HC00003[l]

209 atp[l]

209 pi[l]

26 ala_L[l]

32 glu_L[l]

24 gly[l]

19 pro_L[l]

20 ile_L[l]

209 adp[l]

30 thr_L[l]

7 arg_L[l]

19 asn_L[l]

24 asp_L[l]

3 cys_L[l]

18 gln_L[l]

13 his_L[l]

51 leu_L[l]

34 lys_L[l]

10 met_L[l]

27 phe_L[l]

25 ser_L[l]

3 trp_L[l]

6 tyr_L[l]

27 val_L[l]

r1339

133 h2o[c]
133 atp[c]

HC00004[c]
133 adp[c]

133 pi[c]
30 glu_L[c]

16 asp_L[c]
5 asn_L[c]

23 ala_L[c]
19 gln_L[c]

11 gly[c]
16 ser_L[c]

12 thr_L[c]
22 lys_L[c]

17 arg_L[c]
4 met_L[c]

6 his_L[c]
7 tyr_L[c]

41 leu_L[c]
5 trp_L[c]

8 phe_L[c]
10 pro_L[c]

15 val_L[c]

r1340

133 h2o[l]
133 atp[l]

HC00004[l]
133 pi[l]

23 ala_L[l]
30 glu_L[l]

11 gly[l]
10 pro_L[l]

133 adp[l]
12 thr_L[l]

17 arg_L[l]
5 asn_L[l]

16 asp_L[l]
19 gln_L[l]

6 his_L[l]
41 leu_L[l]

22 lys_L[l]
4 met_L[l]

8 phe_L[l]
16 ser_L[l]

5 trp_L[l]
7 tyr_L[l]

15 val_L[l]

r1341

2280 h2o[c]

2280 atp[c]

HC00005[c]

2280 adp[c]

2280 pi[c]

298 glu_L[c]

233 asp_L[c]

247 asn_L[c]

275 ala_L[c]

25 cys_L[c]

230 gln_L[c]

207 gly[c]

392 ser_L[c]

300 thr_L[c]

357 lys_L[c]

150 arg_L[c]

79 met_L[c]

115 his_L[c]

151 tyr_L[c]

285 ile_L[c]

533 leu_L[c]

37 trp_L[c]

224 phe_L[c]

171 pro_L[c]

252 val_L[c]

r1342

2280 h2o[l]

2280 atp[l]

HC00005[l]

2280 pi[l]

275 ala_L[l]

298 glu_L[l]

207 gly[l]

171 pro_L[l]

285 ile_L[l]

2280 adp[l]

300 thr_L[l]

150 arg_L[l]

247 asn_L[l]

233 asp_L[l]

25 cys_L[l]

230 gln_L[l]

115 his_L[l]

533 leu_L[l]

357 lys_L[l]

79 met_L[l]

224 phe_L[l]

392 ser_L[l]

37 trp_L[l]

151 tyr_L[l]

252 val_L[l]

r1343

41 h2o[c]
41 atp[c]

HC00006[c]
41 adp[c]

41 pi[c]
8 glu_L[c]

4 asp_L[c]
5 ala_L[c]

3 gln_L[c]
3 gly[c]

9 ser_L[c]
3 thr_L[c]

9 lys_L[c]
4 arg_L[c]

2 met_L[c]
4 ile_L[c]

12 leu_L[c]
4 phe_L[c]

4 pro_L[c]
7 val_L[c]

r1344

50 h2o[c]
50 atp[c]

HC00007[c]
50 adp[c]

50 pi[c]
8 glu_L[c]

4 asp_L[c]
7 ala_L[c]

8 gln_L[c]
5 gly[c]

9 ser_L[c]
10 thr_L[c]

6 lys_L[c]
2 arg_L[c]

3 met_L[c]
5 tyr_L[c]

15 leu_L[c]
4 phe_L[c]

5 pro_L[c]
7 val_L[c]

r1345

49 h2o[c]
49 atp[c]

HC00008[c]
49 adp[c]

49 pi[c]
5 glu_L[c]

7 asp_L[c]
15 ala_L[c]

6 gln_L[c]
3 gly[c]

12 ser_L[c]
5 thr_L[c]

6 lys_L[c]
4 arg_L[c]

3 met_L[c]
2 tyr_L[c]

11 leu_L[c]
3 trp_L[c]

4 phe_L[c]
3 pro_L[c]

9 val_L[c]

r1346

158 h2o[c]
158 atp[c]

HC00009[c]
158 adp[c]

158 pi[c]
40 glu_L[c]

11 asp_L[c]
39 ala_L[c]

2 cys_L[c]
32 gln_L[c]

18 gly[c]
14 ser_L[c]

12 thr_L[c]
13 lys_L[c]

34 arg_L[c]
8 met_L[c]

2 his_L[c]
4 tyr_L[c]

2 ile_L[c]
41 leu_L[c]

8 trp_L[c]
4 phe_L[c]

8 pro_L[c]
24 val_L[c]

r1347

158 h2o[l]

158 atp[l]

HC00009[l]

158 pi[l]

39 ala_L[l]

40 glu_L[l]

18 gly[l]

8 pro_L[l]

2 ile_L[l]

158 adp[l]

12 thr_L[l]

34 arg_L[l]

asn_L[l]

11 asp_L[l]

2 cys_L[l]

32 gln_L[l]

2 his_L[l]

41 leu_L[l]

13 lys_L[l]

8 met_L[l]

4 phe_L[l]

14 ser_L[l]

8 trp_L[l]

4 tyr_L[l]

24 val_L[l]

r1348

1337 h2o[c]

1337 atp[c]

HC01852[c]

1337 adp[c]

1337 pi[c]

186 glu_L[c]

176 asp_L[c]

138 asn_L[c]

134 ala_L[c]

48 cys_L[c]

110 gln_L[c]

262 gly[c]

278 ser_L[c]

182 thr_L[c]

154 lys_L[c]

134 arg_L[c]

48 met_L[c]

62 his_L[c]

98 tyr_L[c]

104 ile_L[c]

166 leu_L[c]

60 trp_L[c]

98 phe_L[c]

114 pro_L[c]

122 val_L[c]

r1349

1337 h2o[l]

1337 atp[l]

HC01852[l]

1337 pi[l]

134 ala_L[l]

186 glu_L[l]

262 gly[l]

114 pro_L[l]

104 ile_L[l]

1337 adp[l]

182 thr_L[l]

134 arg_L[l]

138 asn_L[l]

176 asp_L[l]

48 cys_L[l]

110 gln_L[l]

62 his_L[l]

166 leu_L[l]

154 lys_L[l]

48 met_L[l]

98 phe_L[l]

278 ser_L[l]

60 trp_L[l]

98 tyr_L[l]

122 val_L[l]

r1350

203 h2o[c]

203 atp[c]

HC01939[c]

203 adp[c]

203 pi[c]

25 glu_L[c]

25 asp_L[c]

21 asn_L[c]

30 ala_L[c]

12 cys_L[c]

17 gln_L[c]

31 gly[c]

18 ser_L[c]

22 thr_L[c]

35 lys_L[c]

9 arg_L[c]

5 met_L[c]

13 his_L[c]

21 tyr_L[c]

18 ile_L[c]

31 leu_L[c]

8 trp_L[c]

8 phe_L[c]

21 pro_L[c]

36 val_L[c]

r1351

203 h2o[l]

203 atp[l]

HC01939[l]

203 pi[l]

30 ala_L[l]

25 glu_L[l]

31 gly[l]

21 pro_L[l]

18 ile_L[l]

203 adp[l]

22 thr_L[l]

9 arg_L[l]

21 asn_L[l]

25 asp_L[l]

12 cys_L[l]

17 gln_L[l]

13 his_L[l]

31 leu_L[l]

35 lys_L[l]

5 met_L[l]

8 phe_L[l]

18 ser_L[l]

8 trp_L[l]

21 tyr_L[l]

36 val_L[l]

r1352

405 h2o[c]

405 atp[c]

HC01942[c]

405 adp[c]

405 pi[c]

56 glu_L[c]

36 asp_L[c]

40 asn_L[c]

37 ala_L[c]

48 cys_L[c]

31 gln_L[c]

62 gly[c]

56 ser_L[c]

61 thr_L[c]

49 lys_L[c]

42 arg_L[c]

11 met_L[c]

24 his_L[c]

30 tyr_L[c]

22 ile_L[c]

48 leu_L[c]

19 trp_L[c]

21 phe_L[c]

69 pro_L[c]

48 val_L[c]

r1353

405 h2o[l]

405 atp[l]

HC01942[l]

405 pi[l]

37 ala_L[l]

56 glu_L[l]

62 gly[l]

69 pro_L[l]

22 ile_L[l]

405 adp[l]

61 thr_L[l]

42 arg_L[l]

40 asn_L[l]

36 asp_L[l]

48 cys_L[l]

31 gln_L[l]

24 his_L[l]

48 leu_L[l]

49 lys_L[l]

11 met_L[l]

21 phe_L[l]

56 ser_L[l]

19 trp_L[l]

30 tyr_L[l]

48 val_L[l]

r1354

311 h2o[c]

311 atp[c]

HC01943[c]

311 adp[c]

311 pi[c]

51 glu_L[c]

35 asp_L[c]

25 asn_L[c]

42 ala_L[c]

26 cys_L[c]

26 gln_L[c]

49 gly[c]

38 ser_L[c]

36 thr_L[c]

29 lys_L[c]

44 arg_L[c]

9 met_L[c]

13 his_L[c]

21 tyr_L[c]

22 ile_L[c]

51 leu_L[c]

14 trp_L[c]

21 phe_L[c]

33 pro_L[c]

37 val_L[c]

r1355

311 h2o[l]

311 atp[l]

HC01943[l]

311 pi[l]

42 ala_L[l]

51 glu_L[l]

49 gly[l]

33 pro_L[l]

22 ile_L[l]

311 adp[l]

36 thr_L[l]

44 arg_L[l]

25 asn_L[l]

35 asp_L[l]

26 cys_L[l]

26 gln_L[l]

13 his_L[l]

51 leu_L[l]

29 lys_L[l]

9 met_L[l]

21 phe_L[l]

38 ser_L[l]

14 trp_L[l]

21 tyr_L[l]

37 val_L[l]

r1356

349 h2o[c]

349 atp[c]

HC01944[c]

349 adp[c]

349 pi[c]

42 glu_L[c]

45 asp_L[c]

34 asn_L[c]

61 ala_L[c]

40 cys_L[c]

17 gln_L[c]

52 gly[c]

41 ser_L[c]

30 thr_L[c]

58 lys_L[c]

27 arg_L[c]

10 met_L[c]

19 his_L[c]

26 tyr_L[c]

15 ile_L[c]

65 leu_L[c]

8 trp_L[c]

28 phe_L[c]

32 pro_L[c]

48 val_L[c]

r1357

349 h2o[l]

349 atp[l]

HC01944[l]

349 pi[l]

61 ala_L[l]

42 glu_L[l]

52 gly[l]

32 pro_L[l]

15 ile_L[l]

349 adp[l]

30 thr_L[l]

27 arg_L[l]

34 asn_L[l]

45 asp_L[l]

40 cys_L[l]

17 gln_L[l]

19 his_L[l]

65 leu_L[l]

58 lys_L[l]

10 met_L[l]

28 phe_L[l]

41 ser_L[l]

8 trp_L[l]

26 tyr_L[l]

48 val_L[l]

r1358

62 h2o[c]
62 atp[c]

62 adp[c]
62 pi[c]

5 glu_L[c]
8 asp_L[c]

11 ala_L[c]
2 cys_L[c]

7 gln_L[c]
6 gly[c]

8 ser_L[c]
6 thr_L[c]

4 lys_L[c]
9 arg_L[c]

5 met_L[c]
4 tyr_L[c]

4 ile_L[c]
20 leu_L[c]

3 phe_L[c]
9 pro_L[c]

11 val_L[c]

r1359

43 h2o[m]

43 atp[m]

9 glu_L[m]

13 asp_L[m]

43 adp[m]

43 pi[m]

3 ala_L[m]

3 gly[m]

7 lys_L[m]

3 ser_L[m]

3 gln_L[m]

8 ile_L[m]

10 leu_L[m]

5 pro_L[m]

3 phe_L[m]

4 tyr_L[m]

6 val_L[m]

5 met_L[m]

r1402

1400 h2o[c]

1400 atp[c]

15 glu_L[c]

26 asp_L[c]

12 asn_L[c]

22 ala_L[c]

6 cys_L[c]

14 gln_L[c]

18 gly[c]

31 ser_L[c]

25 thr_L[c]

18 lys_L[c]

12 arg_L[c]

8 met_L[c]

9 his_L[c]

13 tyr_L[c]

12 ile_L[c]

39 leu_L[c]

7 trp_L[c]

20 phe_L[c]

15 pro_L[c]

28 val_L[c]

1050 adp[c]

1050 pi[c]

350 amp[c]

350 ppi[c]

r1403

175 h2o[c]
175 atp[c]

175 adp[c]
175 pi[c]

15 glu_L[c]
26 asp_L[c]

12 asn_L[c]
22 ala_L[c]

6 cys_L[c]
14 gln_L[c]

18 gly[c]
31 ser_L[c]

25 thr_L[c]
18 lys_L[c]

12 arg_L[c]
8 met_L[c]

9 his_L[c]
13 tyr_L[c]

12 ile_L[c]
39 leu_L[c]

7 trp_L[c]
20 phe_L[c]

15 pro_L[c]
28 val_L[c]

EX_no2(e)

no2[e]

EX_so3(e)

so3[e]

EX_sprm(e)

EX_prostgh2(e)

EX_prostgi2(e)

EX_ppi(e)

ppi[e]

EX_cdp(e)
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CE5320[m]

RE3403M

h[m]
CE5326[m]

CE5327[m]

RE3404M

h[m]
CE5323[m]

CE5324[m]

RE3624M

RE3624X
CE4794[x]

RE3626M

CE2431[m]
CE2435[m]

RE3627C

h[c]
CE2435[c]

CE5121[c]

RE3627M

h[m]
CE2435[m]

CE5121[m]

RE3627X

h[x]
CE2435[x]

CE5121[x]

RE3628M

CE5121[m]

2MB2COAc
2mb2coa[c]

3HBCOARc
3hbcoa_R[c]

ADPACDAc

adpac[c]

ppi[c]
adpcoa[c]

ADPACTD

adpac[x]
ADPCOACROT

adpcoa[x]

c6dc[x]

ADPCOAPTE

h2o[x]

h[x]

BCRNe
3bcrn[c]

C100CPT1

c10crn[c]

sink_c101coa(c)

c101coa[c]

C101CPT1

c101coa[c]
c101crn[c]

C101CRNe

c101crn[c]
c101crn[e]

C102CPT1

decdicoa[c]
decdicrn[c]

C10CRNe

C10DCCACT
c10dc[x]

c10dc[c]

C10DCc

sebcoa[c]

C10DCe

C10OHc

3hdcoa[c]

3deccrn[c]

C120CPT1

ddeccrn[c]

C121CPT1

dd2coa[c]

ddece1crn[c]

C12DCACOT

h2o[x]

c12dccoa[x]

h[x]

dodecanac[x]

C12DCACT

dodecanac[c]

ppi[c]
c12dccoa[c]

C12DCTD

C12DCe
c12dc[c]

C12OHc

3hddcoa[c]

3ddcrn[c]

C140CPT1

tdcrn[c]

C141ACBP
3tetd7ecoa[m]

3tetd7ecoa[c]

C141CPT1

tetdece1coa[c]
tetdece1crn[c]

C141OHc

3tetd7ecoacrn[c]
C141OHe

C142ACBP
3ttetddcoa[m]

3ttetddcoa[c]

C142CPT1

tetdec2coa[c]
tetdec2crn[c]

C142OHc

3ttetddcoacrn[c]
C142OHe

C14OHc
3htdcoa[c]

3tdcrn[c]

C161OHc
3hdeccoa[c]

3hdececrn[c]

C162ACBP

3thexddcoa[m]

3thexddcoa[c]

C162OHc3thexddcoacrn[c]

C162OHe

C16DCc
hexdicoa[c]

c16dc[c]
C16DCe

C16OHc
3hexdcoa[c]

3hexdcrn[c]

C181OHc
3octdece1coa[c]

3octdece1crn[c]

C182OHc
3ocddcoa[c]

3octdec2crn[c]

C18OHc
3hodcoa[c]

3octdeccrn[c]

C30CPT1

C3DCe

c3dc[c]
c3dc[e]

C40CPT1

C4CRNCPT2

crn[m]

C4CRNe

C4DCCACT
c4dc[x]

c4dc[c]

C4DCe

C4OHc

C50CPT1

ivcoa[c]

ivcrn[c]

C51CPT1

c51crn[c]

C5DCe
c5dc[c]

C60CPT1

hxcoa[c]

C6CRNe

C6DCCACT

c6dc[c]

C6DCc

C6DCe

C80CPT1

c8crn[c]

sink_c81coa(c)

c81coa[c]

C81CPT1

c81coa[c]
c81crn[c]

C81CRNe

c81crn[c]
c81crn[e]

C8CRNe

C8DCc

sbcoa[c]

c8dc[c]

C8DCe

DCATDc

dca[e]

dca[c]

DCATDr

dca[r]

sink_dd2coa(c)

DDCRNe

DDECCRNe

DDECE1CRNe

DECCRNe

sink_decdicoa(c)

decdicoa[c]

DECDICRNe

decdicrn[c]
decdicrn[e]

DOCO13EFATP

ppi[c]

DOCOSACT

docosac[c]

ppi[c]

DOCOSACTDe

DOCOSACTDr

docosac[r]

DOCOSADIACTD

docosdiac[r]

docosdiac[c]

DOCOSDIACTD

EX_dca(e)

FAOXC101C102m

dece4coa[m]

fadh2[m]
dec24dicoa[m]

FAOXC101C102x
dece4coa[x]

dec24dicoa[x]

FAOXC101C8m
h2o[m]

h[m]

FAOXC101C8x
h2o[x]

dc2coa[x]

h[x]

nadh[x]

FAOXC101m
dece3coa[m]

FAOXC101x
dece3coa[x]

FAOXC102C101m
h[m]

FAOXC102C101x

h[x]

FAOXC102C103m

dec47dicoa[m]

fadh2[m]
dectricoa[m]

FAOXC102C103x

dec47dicoa[x]

dectricoa[x]

FAOXC102C81m

h2o[m]

2decdicoa[m]

h[m]
octe5coa[m]

FAOXC102C81x

h2o[x]

2decdicoa[x]

h[x]
nadh[x]

octe5coa[x]

FAOXC102m

3decdicoa[m]

FAOXC102x

3decdicoa[x]

FAOXC103C102m

h[m]

FAOXC103C102x

h[x]

FAOXC10C10OHm

h2o[m]

fadh2[m]

3hdcoa[m] FAOXC10C8m

h2o[m]

h[m]

fadh2[m]

FAOXC10C8x
h2o[x]

h[x]

nadh[x]

FAOXC10DCC8DCx

h2o[x]

sebcoa[x]

h[x]
nadh[x]

sbcoa[x]

FAOXC11BRC9BRx

h2o[x]

tmuncoa[x]

h[x]

nadh[x]

FAOXC11C9m

h2o[m]

undcoa[m]

h[m]
fadh2[m]

noncoa[m]

FAOXC121C101m
h2o[m]

dd5ecoa[m]

h[m]

fadh2[m]

FAOXC121C10x

h2o[x]
h[x]

nadh[x]
FAOXC121x

dd3coa[x]

FAOXC122C101m
h2o[m]

2ddecdicoa[m]

h[m]

FAOXC122m

3ddecdicoa[m]

FAOXC122x
3ddecdicoa[x]

2ddecdicoa[x]

FAOXC123C102m

h2o[m]
2dodtricoa[m]

h[m]

FAOXC123C102x

h2o[x]
2dodtricoa[x]

h[x]
nadh[x]

FAOXC123m

3dodtricoa[m]

FAOXC123x

3dodtricoa[x]

FAOXC12C10m

h2o[m]

h[m]

fadh2[m]

FAOXC12C10x

h2o[x]
h[x]

nadh[x]

FAOXC12C12OHm

h2o[m]

fadh2[m]

3hddcoa[m]

FAOXC12DCC10DCx

h2o[x]

h[x]

nadh[x]

FAOXC12DCTc

c12dc[x]

FAOXC12DCc

FAOXC12DCx

FAOXC13BRC11BRx
h2o[x]

tmtrdcoa[x]

h[x]

nadh[x]

FAOXC13C11m

h2o[m]

tridcoa[m]

h[m]
fadh2[m]

FAOXC141C121m

h2o[m]

tetd7ecoa[m]

h[m]

fadh2[m]

FAOXC141C121x

h2o[x]
tetde5coa[x]

h[x]
nadh[x]

FAOXC141C141OHm
h2o[m]

fadh2[m]

FAOXC142C122m
h2o[m]

tetdecdicoa[m]

h[m]

fadh2[m]

FAOXC142C122x

h2o[x]

tetdecdicoa[x]

h[x]

nadh[x]

FAOXC142C142OHm
h2o[m]

ttetddcoa[m]

fadh2[m]

FAOXC143C123m

h2o[m]
5tedtricoa[m]

h[m]
fadh2[m]

FAOXC143C123x

h2o[x]
5tedtricoa[x]

h[x]
nadh[x]

FAOXC14C12m
h2o[m]

h[m]

fadh2[m]

FAOXC14C12x

h2o[x]
h[x]

nadh[x]

FAOXC14C14OHm
h2o[m]

fadh2[m]

3htdcoa[m]

FAOXC14DCC12DCx
h2o[x]

c14dccoa[x]

h[x]

nadh[x]

FAOXC15ATPx

ppi[x]

FAOXC15BRC13BRx

h2o[x]

h[x]

nadh[x]

FAOXC15C13m

h2o[m]
h[m]

fadh2[m]

FAOXC15NADPx

h2o[x]
2 h[x]

FAOXC15NADx

h2o[x]
2 h[x]

nadh[x]

FAOXC161C141m

h2o[m]

h[m]

fadh2[m]

FAOXC161C141x

h2o[x]
hexde7coa[x]

h[x]
nadh[x]

FAOXC161C161OHm
h2o[m]

fadh2[m]

3hdeccoa[m]

FAOXC162C142mh2o[m]

hexddcoa[m]
h[m]

fadh2[m]

FAOXC162C162OHm

h2o[m]

thexddcoa[m]

fadh2[m]

FAOXC163C142x

h2o[x]

2hexdtricoa[x]

h[x]

nadh[x]

FAOXC163C143m

h2o[m]
hexdtrcoa[m]

h[m]
fadh2[m]

FAOXC163C164Gm
4hexdtricoa[m]

fadh2[m]

hexdectecoa[m]

FAOXC163C164x
4hexdtricoa[x]

hexdectecoa[x]

FAOXC163GC142m
h2o[m]

2hexdtricoa[m]

h[m]

FAOXC163Gm

3hexdtricoa[m]

FAOXC163x
3hexdtricoa[x]

FAOXC164C143m

h2o[m]
2hexdtetcoa[m]

h[m]

FAOXC164C143x

h2o[x]
2hexdtetcoa[x]

h[x]
nadh[x]

FAOXC164C163x

h[x]

FAOXC164C165m

4hexdtetcoa[m]

fadh2[m]

hedepecoa[m]

FAOXC164C165x

4hexdtetcoa[x]

hexdpencoa[x]

FAOXC164GC163m

h[m]

FAOXC164m

3hexdtetcoa[m]

FAOXC164x

3hexdtetcoa[x]

FAOXC165C164m

h[m]
hedepecoa[m]

FAOXC165C164x

h[x]

FAOXC16BRx
ppi[x]

FAOXC16C14m

h2o[m]

h[m]

fadh2[m]

FAOXC16C14x

h2o[x]
h[x]

nadh[x]

FAOXC16C16OHm

h2o[m]

fadh2[m]

3hexdcoa[m]

FAOXC16DCC14DCx

h2o[x]

hexdicoa[x]

h[x]

nadh[x]

FAOXC16DCr

coa[r]

hexdiac[r]

ppi[r]
hexdicoa[r]

FAOXC16OHC16r

o2[r]
h2o[r]

omhpal[r]

FAOXC17C15m

h2o[m]
h[m]

fadh2[m]

FAOXC181C161m
h2o[m]

octd11ecoa[m]

h[m]

fadh2[m]

FAOXC181C161x

h2o[x]
ocde9ecoa[x]

h[x]
nadh[x]

FAOXC181C181OHm

h2o[m]

octdececoa[m]

fadh2[m]

3octdece1coa[m]

FAOXC182C162m
h2o[m]

h[m]

fadh2[m]

FAOXC182C182OHm
h2o[m]

fadh2[m]

3ocddcoa[m]

FAOXC183C163Gm h2o[m]

h[m]

fadh2[m]

FAOXC183C163m

h2o[m]
h[m]

fadh2[m]

FAOXC184C163m

h2o[m]

2octdectecoa[m]
h[m]

FAOXC184C163x

h2o[x]

2octdectecoa[x]

h[x]

nadh[x]

FAOXC184C164m

h2o[m]

h[m]

fadh2[m]

FAOXC184C164x

h2o[x]
h[x]

nadh[x]

FAOXC184m
3octdectecoa[m]

FAOXC184x
3octdectecoa[x]

FAOXC185C164m
h2o[m]

2octpencoa[m]

h[m]

FAOXC185m

3octpencoa[m]

FAOXC18C18OHm

h2o[m]

fadh2[m]

3hodcoa[m]

FAOXC201C181x

h2o[x]
ei11ecoa[x]

h[x]
nadh[x]

FAOXC204C184mh2o[m] eitetcoa[m]
h[m]

fadh2[m]

FAOXC204C205x
eitetcoa[x]

eipencoa[x]

FAOXC205C184x

h2o[x]

h[x]

nadh[x]

FAOXC205C185m h2o[m]

5eipencoa[m]

h[m]

fadh2[m]

FAOXC221C201x

h2o[x]
h[x]

nadh[x]

FAOXC225C204m

h2o[m] 2docopencoa[m]
h[m]

FAOXC225C204x

h2o[x]

2docopencoa[x]

h[x]

nadh[x]

FAOXC225C226m
fadh2[m]

docohexcoa[m]

FAOXC225C226x
docohexcoa[x]

FAOXC225m3docopencoa[m]

FAOXC225x
3docopencoa[x]

FAOXC226C205m
h2o[m]

2docohexecoa[m]

h[m]

FAOXC226C225m
h[m]

FAOXC226C225x

h[x]

FAOXC226C227m

fadh2[m]

docohepcoa[m]

FAOXC226m

docosahexcoa[m]

FAOXC227C226m
h[m]

FAOXC22C20x

h2o[x]
h[x]

nadh[x]

FAOXC22C22DCHYr

3 o2[r]

2 h[r]

3 nadph[r]

4 h2o[r]

3 nadp[r]

FAOXC22OHC22r

o2[r]
h2o[r]

omhdocosac[r]

FAOXC241C221x

h2o[x]
h[x]

nadh[x]

FAOXC24C22x

h2o[x]

lgnccoa[x]

h[x]

nadh[x]

FAOXC3DC

c3dc[c]

FAOXC4C2m

h2o[m]

h[m]

2 accoa[m]

fadh2[m]

FAOXC4C4DCc
succoa[c]

FAOXC5C3x

h2o[m]

pentcoa[m]

h[m]
fadh2[m]

FAOXC5C5DCc
h[c]

glutcoa[c]

FAOXC5C5OHm

h2o[m]

3ivcoa[m]

FAOXC5OHc

3ivcoa[c]

3ivcrn[c]

FAOXC61C4m

h2o[m]

hx2coa[m]

h[m]

FAOXC61C4x

h2o[x]

hx2coa[x]

h[x]
nadh[x]

FAOXC61m

hexe3coa[m]

FAOXC61x

hexe3coa[x]

FAOXC6C4m

h2o[m]

hxcoa[m]

h[m]
fadh2[m]

FAOXC6C4x

h2o[x]
h[x]

nadh[x]

FAOXC6DCC4DCx
h2o[x]

h[x]

nadh[x]

succoa[x]

FAOXC7C5m

h2o[m]

hepcoa[m]

h[m]
fadh2[m]

FAOXC81C61m

h2o[m]
h[m]

fadh2[m]

FAOXC81C61x

h2o[x]
h[x]

nadh[x]

FAOXC8C6m

h2o[m]
h[m]

fadh2[m]

FAOXC8C6x

h2o[x]
h[x]

nadh[x]

FAOXC8DCC6DCx
h2o[x]

h[x]

nadh[x]

FAOXC9BRC7BRm

h2o[m]

h[m]

fadh2[m]

dmhepcoa[m]

FAOXC9C7m

h2o[m]
h[m]

fadh2[m]

FAOXMC10OHMC10r

o2[r]
h[r]

h2o[r]

omhdecacid[r]

FAOXOHC16C16DCc

h2o[c]

2 nad[c]

omhpal[c]

2 h[c]

2 nadh[c]

hexdiac[c]

FAOXOHC22C22DCc

h2o[c]
2 nad[c]

omhdocosac[c]

2 h[c]
2 nadh[c]

FAOXOHMC10DC10c

h2o[c]
2 nad[c]

omhdecacid[c]
3 h[c]

2 nadh[c]

sebacid[c]

FAOXTC101TC102m
tdec4ecoa[m]

fadh2[m]

ctdecdcoa[m]
FAOXTC102C101m

h[m]

FAOXTC122TC101m

h2o[m]

tddedi2coa[m]
h[m]

FAOXTC122m
tddedicoa[m]

FAOXTC142TC122m
h2o[m]

h[m]

fadh2[m]

FAOXTC162TC142m

h2o[m]

h[m]

fadh2[m]

FAOXTC182TC162m
h2o[m]

h[m]

fadh2[m]

FOAXC122C101x

h2o[x]

h[x]

nadh[x]

GLUTCOAACBP

HDCACBP

HDDACBP

HDECAACBP

HDECEACBP

HEDCECRNe

HEXCOAACBP

HEXDCRNe

HEXDIACTD

HEXDICOAACBP

HEXDICOAACBPx

HIVCACBP

HIVCRNe

HOCDACBP

HOCTDACBP

HOCTDEC2CRNe

HOCTDECCRNe

HTDCACBPHTDCRNe

IVCOAACBP

IVCRNe

OCD11COACPT1

octd11ecoa[c]

ocdececrn[c]

OCD11CRNCACT
ocdececrn[m]

OCD11CRNCPT2
crn[m]

OCT11EFATP

ppi[c]

OCTDEC2ACBP

OCTDECCACT
octdececrn[c]

octdececrn[m]
OCTDECCPT1

octdececoa[c]

OCTDECCPT2

crn[m]

OCTDECE1CRNe

sink_octdececoa(c)

OMHDEACIDTD

OMHDOCOSACTD

OMHPALTD

omhpal[r]
omhpal[c]

SBCOAACOTx

h2o[x]
h[x]

subeac[x]

SEBACACT
ppi[c]

SEBACIDTD
sebacid[x]

SEBCOACROT

SEBCOAPET

h2o[x]
h[x]

SUBEACTD
subeac[c]

SUBERCACT
c8dc[x]

SUBERCROT

SUBERICACT
ppi[c]

SUCCACT
ppi[c]

SUCCCROT

SUCCOAPET

h2o[x]

h[x]

SUCCTD

TDCRNe

tdcrn[c]
tdcrn[e]

sink_tetdec2coa(c)

tetdec2coa[c]

TETDEC2CRNe

tetdec2crn[c]
tetdec2crn[e]

sink_tetdece1coa(c)

tetdece1coa[c]

TETDECE1CRNe

tetdece1crn[c]

tetdece1crn[e]

TIGCRNe

DESAT16_2

h[c]
nadh[c]

2 h2o[c]

DESAT18_10

h[c]
nadh[c]

2 h2o[c]

DESAT18_3

h[c]
nadh[c]

2 h2o[c]

DESAT18_4

h[c]
nadh[c]

2 h2o[c]

DESAT18_5

h[c]
nadh[c]

2 h2o[c]

DESAT18_6

h[c]
nadh[c]

2 h2o[c]

DESAT18_7

h[c]
nadh[c]

2 h2o[c]

DESAT18_8

h[c]
nadh[c]

2 h2o[c]

DESAT18_9

h[c]
nadh[c]

2 h2o[c]

DESAT20_1

h[c]
nadh[c]

2 h2o[c]

DESAT20_2

h[c]
nadh[c]

2 h2o[c]

DESAT22_1p

h[x]
nadh[x]

2 h2o[x]

DESAT22_2p

h[x]
nadh[x]

2 h2o[x]

DESAT24_1

h[c]
nadh[c]

2 h2o[c]

FAEL183

5 h[c]
4 nadph[c]

3 h2o[c]
4 nadp[c]

co2[c]

FAEL184

5 h[c]
4 nadph[c]

3 h2o[c]
4 nadp[c]

co2[c]

FAEL204

5 h[c]
4 nadph[c]

3 h2o[c]
4 nadp[c]

co2[c]

FAEL205

5 h[c]
4 nadph[c]

3 h2o[c]
4 nadp[c]

co2[c]

FAS100COA

3 h[c]
2 nadph[c]

h2o[c]
2 nadp[c]

co2[c]

FAS120COA

3 h[c]
2 nadph[c]

h2o[c]
2 nadp[c]

co2[c]

FAS140COA

3 h[c]
2 nadph[c]

h2o[c]
2 nadp[c]

co2[c]

FAS160COA

3 h[c]
2 nadph[c]

h2o[c]
2 nadp[c]

co2[c]

FAS180COA

3 h[c]
2 nadph[c]

h2o[c]
2 nadp[c]

co2[c]

FAS80COA_L

9 h[c]
6 nadph[c]

3 malcoa[c]
3 h2o[c]

6 nadp[c]
3 co2[c]

3 coa[c]

KAS8

20 h[c]

14 nadph[c]

7 malcoa[c]

6 h2o[c]

14 nadp[c]

7 co2[c]

8 coa[c]

r0678

h[c]
co2[c]

HC01587[c]

r0681

HC01321[c]
h2o[c]

HC01255[c]

r0682

HC01588[c]

h[c]

r0691

h[c]

r0692

HC01322[c]
h[c]

HC01596[c]

r0693

h2o[c]
HC01597[c]

r0694

HC01323[c]

h[c]
HC01593[c]

r0695

h2o[c]
HC01594[c]

r0696

HC01326[c]

h[c]

HC01605[c]

r0697

h2o[c]

HC01606[c]

r0701

HC01335[c]

HC01602[c]

r0702

h2o[c]

HC01603[c]

r0712

h[c]

HC01601[c]

r0713

h[c]

co2[c]

r0760

h[c]
co2[c]

HC01589[c]

r0761

HC01590[c]

h[c]

r0762

h2o[c]

HC01591[c]

r0763

HC01592[c]

h[c]

r0764

h[c]
co2[c]

r0765

HC01595[c]
h[c]

r0766

h[c]
co2[c]

r0767

HC01598[c]
h[c]

r0768

h[c]
co2[c]

HC01599[c]

r0769

HC01600[c]
h[c]

r0770

h2o[c]

r0771
h[c]

r0772

h[c]

co2[c]

r0773
h[c]

r1313

h[c]

co2[c]

HC02097[c]

r1314

h[c]

HC02098[c]

r1315

h2o[c]

HC02099[c]
r1316

h[c]

HC01988[c]
r1317

h2o[c]

RE0344C

h2o[c]

h[c]

RE0344M

h2o[m]
h[m]

ocdca[m]

RE0344X

h2o[x]
h[x]

ocdca[x]

RE0565C

h[c]

co2[c]

CE2251[c]

RE0566C

h[c]

CE2247[c]

RE0567C

h2o[c]

CE2243[c]
RE0568C

h[c]

RE0569C

h[c]
co2[c]

CE2250[c]

RE0569E

h[e]
malcoa[e]

arachcoa[e]
co2[e]

CE2250[e]

RE0570C

h[c]
CE2246[c]

RE0571C

h2o[c]
CE2242[c]

RE0572N

h[n]
nadph[n]

CE2242[n]
nadp[n]

CE2254[n]

RE0573N

h[n]
CE2254[n]

malcoa[n]
co2[n]

CE2253[n]

RE0574C

h[c]

CE2253[c]

CE2249[c]

RE0575C
h2o[c]

CE2245[c]
RE0576C

h[c]

CE2257[c]

RE0577C

h2o[c]

h[c]

RE0577M

h2o[m]
h[m]

arach[m]

RE0577X

h2o[x]
h[x]

arach[x]

RE0578C

h2o[c]
CE2254[c]

h[c]
C08281[c]

RE0578M

h2o[m]
CE2254[m]

h[m]
C08281[m]

RE0578X

h2o[x]
CE2254[x]

h[x]
C08281[x]

RE0579C

h2o[c]
CE2257[c]

h[c]

RE0579M

h2o[m]
CE2257[m]

h[m]
lgnc[m]

RE0579X

h2o[x]
h[x]

lgnc[x]

RE0580L

h[l]
pmtcoa[l]

malcoa[l]
co2[l]

3ohodcoa[l]

RE0580R

h[r]

co2[r]

coa[r]

3ohodcoa[r]

RE0581C

h[c]
3ohodcoa[c]

CE2248[c]

RE0581R

h[r]

CE2248[r]

RE0582N

CE2248[n]
h2o[n]

od2coa[n]

RE0583C

h[c]

RE0583N

h[n]
nadph[n]

od2coa[n]
nadp[n]

stcoa[n]

RE3224C

h[c]

co2[c]

CE5144[c]

RE3224R

h[r]

co2[r]

coa[r]

CE5144[r]

RE3225C

h[c]

CE5151[c]

co2[c]

CE5152[c]

RE3225R

h[r]

CE5151[r]

co2[r]

coa[r]

CE5152[r]

RE3226C

h[c]

CE5155[c]

co2[c]

CE5156[c]

RE3226R

h[r]

CE5155[r]

co2[r]

coa[r]

CE5156[r]

RE3227C

h[c]

CE5148[c]

RE3227R

h[r]

CE5148[r]

RE3228C

h2o[c]

CE5150[c]

RE3228R

h2o[r]

CE5150[r]

RE3229C

h[c]

RE3229R

h[r]

RE3230C

h[c]

CE5153[c]

RE3230R

h[r]

CE5153[r]

RE3231C

h2o[c]

CE5154[c]

RE3231R

h2o[r]

CE5154[r]

RE3232C

h[c]

RE3232R

h[r]

RE3234C

h[c]

CE5157[c]

RE3234R

h[r]

CE5157[r]

RE3235C

h2o[c]

CE5158[c]

RE3235R

h2o[r]

CE5158[r]

RE3236C

h[c]

CE5159[c]

RE3236R

h[r]

CE5159[r]

RE3237C

h2o[c]
CE5159[c]

h[c]
CE2513[c]

RE3238C

h2o[c]

h[c]

CE2510[c]

RE3239C

h2o[c]

h[c]

CE2512[c]

RE3241C

h[c]

HC10852[c]

co2[c]

CE5160[c]

RE3241R

h[r]

HC10852[r]

co2[r]

coa[r]

CE5160[r]

RE3242C

h[c]

CE5161[c]

RE3242R

h[r]

CE5161[r]

RE3243C

h2o[c]

CE5162[c]

RE3243R

h2o[r]

CE5162[r]

RE3244C
h[c]

RE3244R
h[r]

RE3245C

h2o[c]

h[c]

DHFR
h[c]

FOLR2

FPGS

4 glu_L[c]

3 h2o[c]

h[c]

pi[c]

FPGS2

h[c]
pi[c]

FPGS2m

h[m]

pi[m]

FPGS3

h[c]

pi[c]

FPGS3m

h[m]

pi[m]

FPGS4

4 glu_L[c]

3 h2o[c]

h[c]

pi[c]

FPGS4m

4 glu_L[m]

h[m]

3 h2o[m]

pi[m]

5dhf[m]

FPGS5

h[c]

pi[c]

FPGS5m

h[m]

pi[m]

FPGS6

h[c]

pi[c]

FPGS6m

h[m]

pi[m]

FPGS7

4 glu_L[c]

3 h2o[c]

h[c]

pi[c]

FPGS7m

4 glu_L[m]

h[m]

3 h2o[m]

pi[m]

FPGS8

h[c]

pi[c]

FPGS8m

h[m]

pi[m]

FPGS9

h[c]

pi[c]

FPGS9m

h[m]

pi[m]

FPGSm

4 glu_L[m]

h[m]

3 h2o[m]

pi[m]

FTCD

2 h[c]

nh4[c]

methf[c]

FTHFCL
pi[c]

FTHFDH

h2o[c]

h[c]

co2[c]

FTHFL
pi[c]

FTHFLm
pi[m]

GGH_10FTHF5GLUe

4 h2o[e]

10fthf5glu[e]

4 glu_L[e]

10fthf[e]

GGH_10FTHF5GLUl

4 h2o[l]

4 glu_L[l]

GGH_10FTHF6GLUe

h2o[e]

10fthf6glu[e]

10fthf5glu[e]

GGH_10FTHF6GLUl
h2o[l]

GGH_10FTHF7GLUe

h2o[e]

10fthf7glu[e]

10fthf6glu[e]

GGH_10FTHF7GLUl
h2o[l]

GGH_5DHFe

4 h2o[e]

5dhf[e]

4 glu_L[e]

dhf[e]

GGH_5DHFl

4 h2o[l]

4 glu_L[l]

GGH_5THFe

4 h2o[e]

4 glu_L[e]

GGH_5THFl

4 h2o[l]

4 glu_L[l]

GGH_6DHFe

h2o[e]

6dhf[e]

5dhf[e]

GGH_6DHFl
h2o[l]

GGH_6THFe
h2o[e]

GGH_6THFl
h2o[l]

GGH_7DHFe

h2o[e]

7dhf[e]

6dhf[e]

GGH_7DHFl
h2o[l]

GGH_7THFe
h2o[e]

GGH_7THFl
h2o[l]

MTHFC

h2o[c]

h[c]

MTHFCm

h2o[m]

methf[m]

h[m]

MTHFD

MTHFD2
nadh[c]

MTHFD2m

MTHFDm

r0224

h[c]

nadh[c]

r0226
h[m]

r0512
nadh[c]

r0514

r0522

h2o[m]

h[m]

5fthf[m]

r0523

pi[m]

r0792

2 h[c]

nadh[c]

r1382

6 h2o[c]

6 atp[c]

6 glu_L[c]

6 adp[c]

6 pi[c]

HC02129[c]

r1383
6 glu_L[c]

MTHFR3
2 h[c]

F1PGT

h[c]

fuc1p_L[c]

ppi[c]

FBA2
f1p[c]

FBP26

h2o[c]

f26bp[c]

pi[c]

FKh[c]

GFUCS
h[c]

GMAND
h2o[c]

HEX4
h[c]

HEX7
h[c]

KHK

h[c]

MAN1PT2

h[c]

pi[c]

MAN6PI

PFK26

h[c]

PMANM

SBTD_D2

h[c]

nadh[c]

SBTR
h[c]

TRIOK
h[c]

r0191
h[c]

r0208

h[c]

ppi[c]

r0357

itp[c]

h[c]

idp[c]

r0358
h[c]

r0360

itp[c]

h[c]

idp[c]

r0361
h[c]

RE0864C

CE1787[c]

h[c]

CE2846[c]

RE0875C

CE2847[c]

h[c]

CE2848[c]

RE1342C

h[c]

nadh[c]

RE1508C

h[c]

C03693[c]

RE2782C

h[c]

CE3075[c]

FBA5

tag1p_D[c]

GALK
h[c]

gal1p[c]

GALOR

h[c]
galt[c]

GALT

h[c]

ppi[c]

GALU

h[c]
ppi[c]

KHK3

h[c]

LACZe

h2o[e]

LACZly

h2o[l]

SUCRe

h2o[e]

UDPG4E

UGALGTg

h[g]
udp[g]

UGLT

ABTArm
sucsal[m]

ALATA_L

CBPSam

2 atp[m]

hco3[m]

nh4[m]

2 h[m]

2 adp[m]

pi[m]

GLNS

nh4[c]
h[c]

pi[c]

GLUDC

h[c]

co2[c]

GLUDxm

h2o[m]
h[m]

nh4[m]

GLUDym

h2o[m]

h[m]

nh4[m]

GLUNm

h2o[m]

nh4[m]

GTHO

h[c]

2 gthrd[c]

GTHOm

h[m]

2 gthrd[m]

P5CDm

2 h2o[m]

h[m]

r0178

h2o[m]

2 h[m]

r0179

h2o[m]

2 h[m]

r0464

h2o[m]

4abutn[m]

2 h[m]

r0549

h2o[m]

2 h[m]

AMPTASECG
h2o[c]

AMPTASECGe
h2o[e]

GGLUCT

GLUCYS

h[c]

pi[c]

glucys[c]

GTHP

2 gthrd[c]
2 h2o[c]

GTHPe

2 gthrd[e]
2 h2o[e]

GTHPm

2 gthrd[m]
2 h2o[m]

GTHRDt

h2o[c]

h[c]

pi[c]

GTHS

h[c]

pi[c]

GTMLTe

OPAHir

2 h2o[c]

h[c]

pi[c]

r0021

2 gthrd[c]

h[c]

nadh[c]

r0022

2 gthrd[m]
h[m]

r0129
h2o[c]

r0130
h2o[e]

r0568

ACHEe

h2o[e]
h[e]

AGLPC

ak2g_hs[c]

h2o[c]

h[c]

ak2gchol_hs[c]

AGLPED
h[c]

ak2gpe_hs[c]

2 h2o[c]

dak2gpe_hs[c]

AGLPET

h[c]

cdpea[c]

h2o[c]

AGLPH

h2o[c]

ak2gp_hs[c]

pi[c]

AGLPR
h[c]

akgp_hs[c]

AGLPT

h[c]

h2o[c]

AGPSx

alkylR1oh[x]
h[x]

ALKP

h2o[c]
pi[c]

dha[c]

CDIPTr

h[c]

CDS

h[c]
ppi[c]

CDSm

h[m]

pa_hs[m]

ppi[m]

CEPTC

h[c]

CEPTE
h[c]

CHAT

CHATn

CHLP

h2o[c]

pi[c]

CHLPCTD

h[c]

ppi[c]

CHOLK

h[c]

CLS_hs

h[c]

CPCTDTX

h[c]
ntm2amep[c]

ppi[c]
cmpntm2amep[c]

DAGK_hs

h[c]

DAGKn_hs

h[n]

adp[n]

EPCTX

h[c]
2ameph[c]

ppi[c]
cmp2amep[c]

ETHAK

h[c]

ETHP

h2o[c]

pi[c]

G3PD1

h[c]

nadh[c]

GLYK

h[c]

GLYKm

h[m]

GPDDA1

h2o[c]

g3pc[c]

h[c]

LPASE

h2o[c]

h[c]

PAFH

h2o[c]

h[c]

PAFHe

h2o[e]

h[e]

PAFS

PCHOLP_hs

h2o[c]

h[c]

PCHOLPg_hs

h2o[g]
h[g]

PCHOLPm_hs

h2o[m]

h[m]

PCHOLPr_hs

h2o[r]
h[r]

PETHCT

h[c]

ppi[c]

PETOHMm_hs

3 h[m]

PETOHMr_hs

3 amet[r]
3 ahcys[r]

3 h[r]

PGPP_hs

h2o[c]

pgp_hs[c]

pi[c]

PGPPT
h[c]

PI4P5K

h[c]

PIK4

h[c]

PLA2

h2o[c]

h[c]

PLA2_2

h2o[c]
h[c]

PLA2_2e

h2o[e]
h[e]

PSDm_hs

h[m]
co2[m]

PSSA1_hs

PSSA2_hs

r0186

h2o[c]
nh4[c]

pi[c]

r0245

h[c]

r0480

h[c]

r0537

RE0066C

C01241[c]
2 h[c]

C04308[c]

RE0066M

C01241[m]
2 h[m]

C04308[m]

RE0066R

C01241[r]
2 h[r]

C04308[r]

RE2911C

h[c]
C03372[c]

1ddecg3p[c]

RE2977C

h[c]

C03968[c]

RE3039C
C01264[c]

RE3045C

h2o[c]

pi[c]

C03820[c]

RE3267E

h[e]

RE3267G

cdpea[g]
12dgr120[g]

h[g]
cmp[g]

RE3267M

cdpea[m]
12dgr120[m]

h[m]

RE3267N

cdpea[n]
12dgr120[n]

h[n]
pe_hs[n]

RE3267R

cdpea[r]
12dgr120[r]

h[r]

RE3301C

h2o[c]
h[c]

RE3301G

h2o[g]
h[g]

ser_L[g]

RE3301R

h2o[r]
h[r]

ser_L[r]

RE3378C
h2o[c]

RE3511C

RE3511M

RE3511R

2AMACHYD

h2o[c]
nh4[c]

AACTOOR

h2o[c]
nh4[c]

ALASm

h[m]
co2[m]

AOBUTDsm

h[m]

2aobut[m]

co2[m]

BETALDHxm

h2o[m]

betald[m]

2 h[m]

BHMT

CHOLD2m

fadh2[m]

DMGDHm

h2o[m]
fadh2[m]

GCC2am

h[m]

co2[m]

alpam[m]

GCC2bim
nh4[m]

GCC2cm
h[m]

GCCam

h[m]

lpro[m]

co2[m]

alpro[m]

GCCbim
nh4[m]

dhlpro[m]
GCCcm

h[m]

GHMT2r
h2o[c]

GHMT2rm
h2o[m]

GLYATm

GLYOp

h2o[x]
nh4[x]

GNMT

h[c]

OBDHc

nadh[c]
co2[c]

PGCD

h[c]
nadh[c]

3php[c]

PSERT

h[c]
pser_L[c]

PSP_L

h2o[c]
h[c]

pi[c]

SARCOXp

h2o[x]

fald[x]

SERHL

h2o[c]

SPTix

THRD_L

nh4[c]

THRS

h2o[c]

phom[c]

pi[c]

r0160

r0295

co2[m]

nh4[m]

r0552

h2o[c]

betald[c]

2 h[c]
nadh[c]

r0553

h2o[c]
2 h[c]

RE2111M

h[m]

CE2026[m]

RE2117M

h[m]

CE2020[m]

RE2427M

h[m]

CE4968[m]

RE2428M

h[m]

CE4970[m]

RE2429M

h[m]

CE4969[m]

ACS
ppi[c]

ACSm
ppi[m]

ACYP

h2o[c]

13dpg[c]

h[c]

pi[c]

ALCD2if

h[c]

nadh[c]

ALCD2yf
h[c]

ALDD2x

h2o[c]
2 h[c]

nadh[c]

ALDD2xm

h2o[m]
2 h[m]

ALDD2y

h2o[c]
2 h[c]

CAT2p
2 h2o[x]

CBPPer

h[r]

co2[r]

nh4[r]

DPGase

h2o[c]

23dpg[c]

pi[c]

DPGM

h[c]

ENO
h2o[c]

ETOHMO

h[c]
2 h2o[c]

FBA

FBP

h2o[c]
pi[c]

G3PD2m
fadh2[m]

G6PPer

h2o[r]

pi[r]

GAPD

pi[c]

h[c]

nadh[c]

HEX1
h[c]

LDH_L

h[c]

nadh[c]

PDHm
co2[m]

PEPCK
co2[c]

PEPCKm

co2[m]

PFK h[c]

PGI

PGK

PGM

PGMT

PYK h[c]

TPI

r0122

h[c]

r0153

h[c]

r0165

h[c]

r0173

h[x]

nadh[x]

r0202

h[x]

nadh[x]

r0280

h[c]

r0354

itp[c]

h[c]

idp[c]
r0355

h[c]

r0413
h[c]

RE2666C

h[c]

RE2666G

h[g]
udp[g]

RE2677C

h[c]

RE2677E

udpgal[e]
crm_hs[e]

h[e]
galside_hs[e]

RE2677G

h[g]

udp[g]

RE2677N

udpgal[n]
crm_hs[n]

h[n]
galside_hs[n]

RE2677R

udpgal[r]
h[r]

galside_hs[r]

RE2680C

h[c]

C01290[c]

RE2680G

h[g]
udp[g]

C01290[g]

RE2717L

h2o[l]

C01747[l]

RE2718C

C01747[c]
h[c]

C02744[c]

RE2718G

C01747[g]
h[g]

C02744[g]

RE2722C

C03405[c]

RE2722G
C03405[g]

FBA4

xu1p_D[c]
gcald[c]

GCALDD

h2o[c]
2 h[c]

nadh[c]

GCALDDm

h2o[m]
gcald[m]

2 h[m]
glyclt[m]

GLXO1

h2o[c]
2 h[c]

nadh[c]

GLXO2p

h2o[x]
h[x]

GLYCK2

h[c]
GLYCLTDy

h[c]

GLYCLTDym

h[m]

GLYCTO1p
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r1133

HC00008[c]

HC00008[r]

r1159
cdpchol[r]

r1303
r1318

r2473

pi[r]

pi[c]

r2505

h2o[c]
HC02198[c]

h[c]
pi[c]

HC02198[e]

r2506

pi[c]
na1[c]

pi[r]
na1[r]

r2507
r2508

r2509
r2510

r2511
r2512

r2513

r2514

r2515
HC02100[r]

r2519

r2521

ppi[c]
pi[r]

pi[c]
ppi[r]

r2537

r2538

HPETFABP1tc

2 5HPET[c]

2 5HPET[r]

OCDEAFABP1tc

2 ocdcea[c]

2 ocdcea[r]

PEHSFABPe

2 pe_hs[c]

2 pe_hs[r]

PMTCOAFABP1tc

2 pmtcoa[c]

2 pmtcoa[r]

CHSTEROLtrc

FRDPtcr

1MNCAMti

h2o[c]

h[c]

pi[c]

24_25DHVITD2t
24_25DHVITD3t

24NPHte
25HVITD2t

25HVITD2tin
25HVITD3t

25HVITD3tin

2HBt2

h[e]

h[c]

2HCO3_NAt

2 hco3[e]
na1[e]

2 hco3[c]
na1[c]

2MCITt

34DHOXPEGt
34DHPHEt

3AIBt
3MLDAt

4HDEBRISOQUINEte
4MPTNLte

4MTOLBUTAMIDEte
4mtolbutamide[e]

4NPHSFte
4NPHte

4PYRDX

h2o[c]

h[c]

pi[c]

5ADTSTSTERONEGLCte

h2o[c]

h[c]

pi[c]

5ADTSTSTERONESte
5ADTSTSTERONEte

5FTHFt2

h2o[c]
h2o[e]

5HOMEPRAZOLEte

5HTRPVESSEC

h2o[c]

h[c]

pi[c]

5MTHFt

5MTHFt2

h2o[c]
h2o[e]

6HTSTSTERONEte
ABTti

ABUTt2r

h[e]
h[c]

ABUTt4_2_r

2 na1[e]
2 na1[c]

ACACt2

h[e]
h[c]

ACALDt
ACCOAgt

ACETONEt2

h[e]
h[c]

ACGALFUCGALACGALFUC12GAL14ACGLCGALGLUSIDEte
ACGALFUCGALACGALFUCGALACGLCGAL14ACGLCGALGLUSIDEte

ACHVESSEC

h2o[c]

h[c]

pi[c]

ACN13ACNGALGBSIDEte
ACN23ACNGALGBSIDEte

ACNACNGAL14ACGLCGALGLUSIDEte
ACNACNGALGBSIDEte

ACNGALACGLCGAL14ACGLCGALGLUSIDEte

ACt2r

h[e]
h[c]

ADEt

ADNt

ADNt4

na1[e]
na1[c]

ADPRIBt

ADRNLPVESSEC

h2o[c]

h[c]

pi[c]

ADRNt
AFLATOXINte

AHANDROSTANGLCte

h2o[c]

ahandrostanglc[c]

h[c]

pi[c]

ahandrostanglc[e]

AK2LGCHOLt

AKGt4_3

3 na1[e]
3 na1[c]

ALAASNNaEx

na1[e]
na1[c]

ALACYSNaEx

na1[e]
na1[c]

ALADGLNexR

ALADGLYexR
ALAGLNexR

ALAGLNNaEx

na1[e]
na1[c]

ALAGLYexR

ALASERNaEx

na1[e]
na1[c]

ALAt2r

h[e]
h[c]

ALAt4

na1[e]
na1[c]

ALATHRNaEx

na1[e]
na1[c]

ALAtN1

h[c]
2 na1[e]

h[e]
2 na1[c]

ALDSTRNte

ANDRSTRNGLCte

h2o[c]

h[c]

pi[c]

ANDRSTRNte
ANTIPYRENEte

APNNOXte
APPNNte

APRGSTRNte

AQCOBALt
aqcobal[c]

ARAB_Lt

ARACHDt2
ARACHt

ARGLYSex

ARGt4

na1[e]
na1[c]

ARGtiDF

ASCBt

ASCBt4

na1[e]
na1[c]

ASNALANaEx

na1[e]
na1[c]

ASNCYSNaEx

na1[e]
na1[c]

ASNGLNNaEx

na1[e]
na1[c]

ASNSERNaEx

na1[e]
na1[c]

ASNt4

na1[e]
na1[c]

ASNTHRNaEx

na1[e]
na1[c]

ASNtN1

h[c]

2 na1[e]

h[e]

2 na1[c]

ASPDt6

h[e]

3 na1[e]

h[c]

3 na1[c]

ASPt6

h[e]

3 na1[e]

h[c]

3 na1[c]

AVITE1t

AVITE2t

BALAVECSEC

h2o[c]

h[c]

pi[c]

BHBt

h[e]
h[c]

BILDGLCURt

hco3[c]
hco3[e]

BILDGLCURte

h2o[c]

h[c]

pi[c]

BILGLCURt

hco3[c]
hco3[e]

BILGLCURte

h2o[c]

h[c]

pi[c]

BILIRUBt2

hco3[c]
hco3[e]

BTNt2

h[e]
h[c]

BTNt3i

h2o[c]

na1[e]

h[c]

pi[c]

na1[c]

BTNt4i

h[c]
h[e]

BUTt2r

h[e]
h[c]

BVITEt

BZt

bz[e]
bz[c]

CAATPS

h2o[c]

ca2[c]

pi[c]

h[e]

ca2[e]

CAMPt

h2o[c]

h[c]

pi[c]

CAROtr
CARVEOLte

CAt7r

3 na1[e]

ca2[c]

3 na1[c]

ca2[e]

CCA_D3t

cca_d3[c]
cca_d3[e]

CGLYt3_2_

2 h[e]
2 h[c]

CGMPt

h2o[c]

h[c]

pi[c]

CHOLATEt

hco3[c]
hco3[e]

CHOLATEt2

2 na1[e]
2 na1[c]

CHOLATEt3

h2o[c]

h[c]

pi[c]

CHOLt4

na1[e]
na1[c]

CHOLtu

CHSTEROLt

h2o[c]

h[c]

pi[c]

CITt4_2

2 na1[e]
2 na1[c]

CLFORtex

2 for[c]
2 for[e]

CLHCO3tex2

hco3[c]

2 cl[e]

hco3[e]

2 cl[c]

CLI2tex

2 i[c]
2 i[e]

CLOHtex2

h2o[c]

2 cl[e]

h2o[e]

2 cl[c]

CLOXAtex2

2 cl[e]
2 cl[c]

CLPNDt

CO2t

co2[e]
co2[c]

COt

co[c]
co[e]

COUMARINte

CREATt4_2_r

2 na1[e]
2 na1[c]

CRMPte

CRNt
crn[e]

CRNtHa

h[e]

h[c]

crn[e]

CRNtuNa

na1[e]

crn[e]

na1[c]

CRTSLt
CRTSTRNt

CRVNCtr
CSNt

CSPG_At
CSPG_Bt

CSPG_Ct
CSPG_Dt

CSPG_Et
CYANt

CYSALANaEx

na1[e]
na1[c]

CYSASNNaEx

na1[e]
na1[c]

CYSGLNNaEx

na1[e]
na1[c]

CYSGLUexR
CYSGLYexR

CYSSERNaEx

na1[e]
na1[c]

CYSt4

na1[e]
na1[c]

CYStec
CYSTGLUex

CYSTHRNaEx

na1[e]
na1[c]

CYSTSERex
CYTDt

CYTDt4

na1[e]
na1[c]

D_3AIBt
DADNt4

DAGt

DALAt2r

h[e]
h[c]

DCSPTN1t

DCYTt
DEBRISOQUINEt

DGCHOLte
DGSNt

DHAAt1r

DHEASt

hco3[c]
hco3[e]

DHEAStr

DIGALSGALSIDEte
DINt

D_LACt2

h[e]
h[c]

DLNLCGt
DMANTIPYRINEte

DMHPTCRNte
DOPASFt

DOPAt4_2_r

2 na1[e]
2 na1[c]

DOPAtu

DOPAVESSEC

h2o[c]

h[c]

pi[c]

DRIBt

DURIt
EAFLATOXINte

EBASTINEOHte
EBASTINEte

EICOSTETt
ELAIDt

ESTRADIOLGLCt

hco3[c]
hco3[e]

ESTRADIOLGLCt2

h2o[c]

h[c]

pi[c]

ESTRADIOLt

ESTRIOLGLCte

h2o[c]

estriolglc[c]

h[c]

pi[c]

estriolglc[e]

ESTRONEGLCt

h2o[c]

h[c]

pi[c]

ESTRONESt

hco3[c]
hco3[e]

ESTRONESt2

2 na1[e]
2 na1[c]

ETOHt

FATP1t

na1[c]
na1[e]

FATP2t

na1[c]
na1[e]

FATP3t

na1[c]
na1[e]

FATP4t

na1[c]
na1[e]

FATP5t

na1[c]
na1[e]

FATP6t

na1[c]
na1[e]

FATP7t

na1[c]
na1[e]

FATP8t

na1[c]
na1[e]

FATP9t

na1[c]
na1[e]

FE2t

fe2[e]
fe2[c]

FOLt2

h2o[c]
h2o[e]

FRUt1r

FRUt4

na1[e]
na1[c]

FUC13GALACGLCGAL14ACGLCGALGLUSIDEte

FUC14GALACGLCGALGLUSIDEte
FUCACGALFUCGALACGLCGALGLUSIDEte

FUCACNGAL14ACGLCGALGLUSIDEte
FUCACNGALACGLCGALGLUSIDEte

FUCFUC12GAL14ACGLCGALGLUSIDEte
FUCFUC132GALACGLCGAL14ACGLCGALGLUSIDEte

FUCFUCFUCGALACGLC13GALACGLCGAL14ACGLCGALGLUSIDEte
FUCFUCFUCGALACGLCGAL14ACGLCGALGLUSIDEte

FUCFUCGALACGLCGALGLUSIDEte
FUCGAL14ACGLCGALGLUSIDEte

FUCGALFUCGALACGLCGALGLUSIDEte
FUCGALGBSIDEte

GABAVESSEC

h2o[c]

h[c]

pi[c]

GALACGLCGALGBSIDEte
GALFUC12GAL14ACGLCGALGLUSIDEte

GALFUCGALACGLCGAL14ACGLCGALGLUSIDEteGALGALFUCFUCGALACGLCGALACGLCGAL14ACGLCGALGLUSIDEte

GALGALGALTHCRMte
GALt1r

GALt2_2

2 h[e]
2 h[c]

GALt4

na1[e]
na1[c]

GAMt1r
GBSIDEte

GCHOLAt

hco3[c]
hco3[e]

GCHOLAt2

2 na1[e]
2 na1[c]

GCHOLAt3

h2o[c]

h[c]

pi[c]

GCHOLAte
GD1B2te

GD1Cte
GLCMter

GLCt1r

GLCt2_2

2 h[e]
2 h[c]

GLCt4

na1[e]
na1[c]

GLNALANaEx

na1[e]
na1[c]

GLNASNNaEx

na1[e]
na1[c]

GLNCYSNaEx

na1[e]
na1[c]

GLNSERNaEx

na1[e]
na1[c]

GLNt4

na1[e]
na1[c]

GLNTHRNaEx

na1[e]
na1[c]

GLNtN1

h[c]

2 na1[e]

h[e]

2 na1[c]

GLUt6

h[e]

3 na1[e]

h[c]

3 na1[c]

GLUVESSEC

h2o[c]

h[c]

pi[c]

GLYBt4_2_r

2 na1[e]
2 na1[c]

GLYC_St

GLYCt

GLYt2r

h[e]
h[c]

GLYt4

na1[e]
na1[c]

GLYt7_211_r

2 na1[e]
2 na1[c]

GLYVESSEC

h2o[c]

h[c]

pi[c]

GP1CALPHAte

GP1Cte
GQ1BALPHAte

GQ1Bte
GSNt

GSNt4

na1[e]
na1[c]

GT1Ate
GUAt

H2O2t

H2Ot

h2o[e]
h2o[c]

HCO3_CLt

hco3[e]
hco3[c]

HCOUMARINte

HDCAtr
HDCEAtr

HESTRATRIOLte
HEXCt

HISt4

na1[e]
na1[c]

HISTAtu

HISTAVESSEC

h2o[c]

h[c]

pi[c]

HIStiDF

HIStN1

h[c]

2 na1[e]

h[e]

2 na1[c]

HKt

h2o[c]

pi[c]

h[e]

HOMt4

na1[e]

na1[c]

hom_L[c]

HPACtr
HPDCAt

HSPGt
HTAXOLte

HYXNt

ILEt4

na1[e]
na1[c]

ILEtec

INSt

INSt4

na1[e]
na1[c]

INSTt2r

h[e]
h[c]

INSTt4

na1[e]
na1[c]

It

i[e]
i[c]

KCC2t

nh4[e]
nh4[c]

KCCt

KSII_CORE2t
KSII_CORE4t

KSIt
LCTStg

LEUKTRA4t
LEUKTRB4t

LEUKTRC4t

hco3[c]
hco3[e]

LEUKTRD4t
LEUKTRE4t

LEUKTRF4t

LEUt4

na1[e]
na1[c]

LEUtec

LGNCt
LIMNENte

LIPOti

h2o[c]
na1[e]

lipoate[e]
h[c]

pi[c]
na1[c]

L_LACt2r

h[e]
h[c]

L_LACt4r

na1[e]
na1[c]

LNELDCt
LNLCt

LNLNCAt
LNLNCGt

LPCHOLt

LYSt4

na1[e]
na1[c]

LYStiDF

MAGt
MALTt1r

MANt1r

MANt4

na1[e]
na1[c]

MEOHt2

MEPIVESSte

h2o[c]

h[c]

pi[c]

MERCPLACCYSt
METLEUex

METt4

na1[e]
na1[c]

METtec
MTHGXLt

N2M2NMASNt
NACUP

NAHCO3_HCLt

h[c]
hco3[e]

na1[e]
h[e]

hco3[c]
na1[c]

NAIt

2 na1[e]

i[e]

2 na1[c]

i[c]

NaKt

h2o[c]

na1[c]

h[c]

pi[c]

na1[e]

NAt

na1[e]
na1[c]

NAt3_1

h[e]

na1[c]

h[c]

na1[e]

NAt5

na1[c]

nh4[e]

nh4[c]

na1[e]

NCAMUP

NCCt

na1[e]
na1[c]

NCKt

4 na1[c]

ca2[e]

4 na1[e]

ca2[c]

NCNt

4 na1[c]
nh4[e]

ca2[e]
nh4[c]

4 na1[e]
ca2[c]

NH4t3r

nh4[c]

h[e]

h[c]

nh4[e]

NIFEDIPINEteNKCC2t

na1[e]
nh4[e]

2 cl[e]
nh4[c]

na1[c]
2 cl[c]

NKCCt

na1[e]

2 cl[e]

na1[c]

2 cl[c]

NOt
NPTHLte

NRPPHRSFt

NRPPHRt4_2_r

2 na1[e]
2 na1[c]

NRPPHRtu

NRPPHRVESSEC

h2o[c]

h[c]

pi[c]

NRVNCt
O2St

O2t
o2[e]

OAGD3te
OAGT3te

OCDCAtr
OCDCEAtr

OCTAt

OMEPRAZOLEte
omeprazole[e]

ONPTHLte

ORNtiDF

OXAHCOtex

2 hco3[c]
2 hco3[e]

PAFt

PCt

h2o[c]

h[c]

pi[c]

PEFLIP

h2o[c]

h[c]

pi[c]

PERILLYLte
PEt

PGLYCt
PHEACGLNt

PHEMEt

PHEt4

na1[e]
na1[c]

PHEtec

PHYQt

h2o[c]

h[c]

pi[c]

phyQ[c]

PHYTt

PIt7

3 na1[e]

pi[e]

pi[c]

3 na1[c]

PNTOt5

h2o[c]

na1[e]

h[c]

pi[c]

na1[c]

PPAt

PRGSTRNt

PRODt2r

h[e]

pro_D[e]

h[c]

pro_D[c]

PROSTGD2t

hco3[c]
hco3[e]

PROSTGE1t

hco3[c]

prostge1[e]

hco3[e]

prostge1[c]

PROSTGE1t3

h2o[c]

prostge1[c]

h[c]

pi[c]

prostge1[e]

PROSTGE2t

hco3[c]
hco3[e]

PROSTGE2t2

PROSTGE2t3

h2o[c]

h[c]

pi[c]

PROSTGF2t

PROSTGH2t

hco3[c]
hco3[e]

PROSTGI2t

hco3[c]
hco3[e]

PROt2r

h[e]
h[c]

PROt4

na1[e]
na1[c]

PSFLIP

h2o[c]

h[c]

pi[c]

PSt3

PTDCAt
PYDAMtr

PYDXNtr
PYDXtr

PYRt2r

h[e]
h[c]

RBTt
RETFAt

RETFAt1
RETFAt2

RETNGLCt
RETNt

RETt

RIBFLVt3

h2o[c]

h[c]

pi[c]

RIBt

RIBt2

h[e]
h[c]

RTOTAL2t

RTOTAL3t

Rtotal3[e]
Rtotal3[c]

RTOTALt

S2L2FN2M2MASNt
SARCStex

SELt4_3

3 na1[e]

sel[e]

3 na1[c]

sel[c]

SERALANaEx

na1[e]
na1[c]

SERASNNaEx

na1[e]
na1[c]

SERCYSNaEx

na1[e]
na1[c]

SERDGLNexR

ser_D[c]

SERDGLYexR

SERGLNexR

SERGLNNaEx

na1[e]
na1[c]

SERGLYexR

SERLYSNaex

na1[e]
na1[c]

SERt4

na1[e]
na1[c]

SERTHRNaEx

na1[e]
na1[c]

SERtN1

h[c]

2 na1[e]

h[e]

2 na1[c]

SO4CLtex2

2 so4[e]
2 so4[c]

SO4HCOtex

2 hco3[c]

so4[e]

2 hco3[e]

SO4OXAtex2

2 so4[e]
2 so4[c]

SO4t4_2

2 na1[e]

so4[e]

2 na1[c]

SPC_HSt
SPH1Pte

SPHS1Pte

SRTNt6_2_r

2 na1[e]

2 k[c]

2 na1[c]

2 k[e]

SRTNtu

STRDNCt

SUCCt4_2

2 na1[e]
2 na1[c]

TAGAT_Dt

TAGt

TAURt4_2_r

2 na1[e]
2 na1[c]

TAXOLte

TCHOLAt

hco3[c]
hco3[e]

TCHOLAt2

2 na1[e]

2 na1[c]

TCHOLAt3

h2o[c]

h[c]

pi[c]

TCHOLAte
TCYNTt

TDCHOLAte
TETHEX3t

TETPENT3t
TETPENT6t

TETTET6t

THFt2

h2o[c]

h2o[e]

THMDt4

na1[e]

na1[c]

THMMPt4

h2o[c]

h2o[e]

THMt3

h[c]

h[e]

THMTPt

3 h2o[e]

3 h2o[c]

THRALANaEx

na1[e]

na1[c]

THRASNNaEx

na1[e]

na1[c]

THRCYSNaEx

na1[e]

na1[c]

THRGLNexR

THRGLNNaEx

na1[e]

na1[c]

THRGLYexR

THRSERNaEx

na1[e]

na1[c]

THRt4

na1[e]

na1[c]

THYMDt1

THYMt

THYOXt

hco3[c]

hco3[e]

THYOXt2

TMNDNCt
TOLBUTAMIDEte

TRIODTHYSUFt

TRIODTHYt

hco3[c]

hco3[e]

TRIODTHYt2

TRPt

TRPt4

na1[e]

na1[c]

TSTSTERONEGLCte

h2o[c]

h[c]

pi[c]

TSTSTERONESte

TSTSTERONEt

TSULt4_3

3 na1[e]

3 na1[c]

TTDCAtr

TXA2te
TYMSFt

TYRt

TYRt4

na1[e]

na1[c]

URAt

URATEt
UREAt

UREAt5

h2o[e]

h2o[c]

URIt

URIt4

na1[e]

na1[c]

VACCt

VALt4

na1[e]

na1[c]

VALtec
VITD2t

VITD3t
VITD3t2

WHDDCAte
WHHDCAte

WHTSTSTERONEte

whtststerone[c]

whtststerone[e]

WHTTDCAte
XOLEST2te

XOLESTte
XOLTRI24te

XOLTRI25te
XOLTRI27te

XYLt
XYLTt

YVITEt

r0802

HC00001[c]

HC00001[e]

r0803

HC00001[e]

HC00001[l]

r0804

HC00002[c]

HC00002[e]

r0805

HC00002[e]

HC00002[l]

r0806

HC00003[c]

HC00003[e]

r0807

HC00003[e]

HC00003[l]

r0808

HC00004[c]
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VALPHELAT2tc

VITEtl

h2o[c]

h[c]

pi[c]

VITKtl

XOLEST2HSTDle

3HCO3_NAt

3 hco3[e]

na1[e]

3 hco3[c]

na1[c]

4HPROLTASCT1

na1[e]

na1[c]

5MTHFt2le

oh1[c]

ADNt5le

2 na1[e]

2 na1[c]
ALA-DTDe

ARACHFATPc
ppi[c]

ASPDTDe

ASPPROASCT1

na1[e]

na1[c]
ASPte

BTNt3ile

h2o[c]

2 na1[e]

h[c]

pi[c]

2 na1[c]

CHOLESTle

h2o[e]

h[e]

CYSAMOe

o2[e]

h[e]

CYTDt5le

2 na1[e]

2 na1[c]

Coqe

FE2DMT1

h[e]

fe2[e]

h[c]

fe2[c]

FE3MTP1

fe3[c]

fe3[e]

FMNALKPle

h2o[e]

pi[e]

FOLt2le

GLCGLUT2

GLUPROASCT1

na1[e]

na1[c]

GLYCTDle

GSNt5le

2 na1[e]

2 na1[c]

INSt5le

2 na1[e]

2 na1[c]

KHte

h[c]

h[e]

LEUGLYHYc
h2o[c]

NODe

OCDCAFATPc
ppi[c]

PHEMEe

PNTEHe
h2o[e]

PNTOt5le

h2o[c]

2 na1[e]

h[c]

pi[c]

2 na1[c]

PRO1x

2 h[c]

nadh[c]

PRO_Dtde

pro_D[c]

pro_D[e]

PTCRTD

PTPATe

h[e]

ppi[e]

Q10H2e

RTOTAL2FATPc
ppi[c]

RTOTAL3FATPc

Rtotal3[e]

ppi[c]

Rtotal3coa[c]

RTOTALFATPc
ppi[c]

SBT_Dtde

SFCYSe

SPMTDe

SPRMTDe

TAURCHAe

THMDt5le

2 na1[e]

2 na1[c]

TTDCAFATPc
ppi[c]

URIt5le

2 na1[e]

2 na1[c]

34HPPte
34hpp[e]

3MOBte
3mob[e]

3MOPte
3mop[e]

4HPRO_LTte

4MOPte
4mop[e]

5MTAte
5mta[e]

5OXPROt

2 na1[e]

5oxpro[e]

2 na1[c]

AHCYSte
ahcys[e]

AICARte
aicar[e]

ANTHte
anth[e]

CBASPte
cbasp[e]

MAL_Lte
mal_L[e]

OROTGLUt
PNTOte

IDOURte

idour[e]

idour[c]

ACGAGBSIDEtg
ACGALFUCGALACGALFUC12GAL14ACGLCGALGLUSIDEtg

ACGALFUCGALACGALFUCGALACGLCGAL14ACGLCGALGLUSIDEtg
ACGALtlg

ACGBGBSIDEtg
ACN13ACNGALGBSIDEtg

ACN23ACNGALGBSIDEtg
ACNACNGAL14ACGLCGALGLUSIDEtg

ACNACNGALGBSIDEtg
ACNGALACGLCGAL14ACGLCGALGLUSIDEtg

ACtg
CERT1gt

CERT2gt
CHOLPtg

CHOLtg

CHSTEROLtg

h2o[c]
h[c]

pi[c]

CMPACNAtg
cmp[g]

CO2tg

co2[c]

co2[g]

COAtg

DIGALSGALSIDEtg
DIGALSIDEtg

F1Atg
FUC13GALACGLCGAL14ACGLCGALGLUSIDEtg

FUC14GALACGLCGALGLUSIDEtg
FUCACGALFUCGALACGLCGALGLUSIDEtg

FUCACNGAL14ACGLCGALGLUSIDEtg
FUCACNGALACGLCGALGLUSIDEtg

FUCFUC12GAL14ACGLCGALGLUSIDEtg
FUCFUC132GALACGLCGAL14ACGLCGALGLUSIDEtg

FUCFUCFUCGALACGLC13GALACGLCGAL14ACGLCGALGLUSIDEtg
FUCFUCFUCGALACGLCGAL14ACGLCGALGLUSIDEtg

FUCFUCGALACGLCGALGLUSIDEtg
FUCGAL14ACGLCGALGLUSIDEtg

FUCGALFUCGALACGLCGALGLUSIDEtg
FUCGALGBSIDEtg

GALACGLCGALGBSIDEtg
GALFUC12GAL14ACGLCGALGLUSIDEtg

GALFUCGALACGLCGAL14ACGLCGALGLUSIDEtg
GALGALFUCFUCGALACGLCGALACGLCGAL14ACGLCGALGLUSIDEtg

GALGALGALTHCRMtg
GALGLUSIDEtg

GALSIDEtg
GD1B2tg

GD1Ctg
GDPFUCtg

GDPtg
GLCtg

GMPtg
GP1CALPHAtg

GP1Ctg
GQ1BALPHAtg

GQ1Btg

GT1Atg

H2Otg

h2o[c]

h2o[g]

Htg

h[g]
h[c]

Kt3g

h[g]

h[c]

k[g]

MANtg

NAt3_1g

na1[c]

h[g]

h[c]

na1[g]

OAGD3tg

OAGT3tg

PA_HStg

PAPStg

PAPtg

PCHOL_HStg

PE_HStg

PItg

pi[g]
pi[c]

PS_HStg

Ser_Thrtg

SGALSIDEtg

SPHMYLNtg

UDPGALt2g

UDPGALtg
ump[g]

UDPGLCAtg
ump[g]

UDPGLCtg

ump[g]
udpg[g]

UDPXYLtg
ump[g]

UGALNACtg
ump[g]

UGLCNACtg
ump[g]

XSERtg

10FTHF5GLUtl
10FTHF6GLUtl

10FTHF7GLUtl
10FTHFtl

5DHFtl
5THFtl

6DHFtl
6THFtl

7DHFtl
7THFtl

ABUTt2rL

4abut[l]

h[l]

h[c]

ACGAGBSIDEtl
ACGALtly

ACGAMtly
ACGBGBSIDEtl

ACNAMlt

h[c]
h[l]

ADEtl

ade[l]

ADNtl

ALAt2rL

h[l]
h[c]

ATPasel

h2o[c]

pi[c]

h[l]

CHOLPtl

COAtl
CSPG_Atly

CSPG_Btly
CSPG_Ctly

CSPG_Dtly
CSPG_Etly

CYTDtl

DALAt2rL

h[l]

ala_D[l]

h[c]

DHFtl

DIGALSIDEtl
DPCOAtl

FALDtly
FUCtly

GALGLUSIDEtl
GALSIDEtl

GALtly
GBSIDEtl

GLCtly

GLCURtly

h[c]
h[l]

GLUt7l

GLYt2rL

h[l]
h[c]

GSNtl

H2O2tly
h2o2[l]

H2Otly

h2o[c]
h2o[l]

HAtly

HSPGtly

HXANtl
hxan[l]

IDOURtly

h[c]

idour[c]

h[l]

INStl
ins[l]

KSII_CORE2tly

KSII_CORE4tly
KSItly

LCTStl
lcts[c]

MANtly
MEOHtly

N2M2NMASNtly

PRODt2rL

h[l]
pro_D[l]

h[c]
pro_D[c]

PROt2rL

h[l]
h[c]

Rtotaltl

S2L2FN2M2MASNtly
S2L2N2M2MASNtly

SGALSIDEtl
SO4tl

SPHINGStl
SPHMYLNtl

THFtl
THYMDtl

UDPACGALtl
UDPtl

Uritl
XYLtly

r0825
r0925

r0932
r0937

r0984
r0986

r0987
r1052

r1059
r1061

asn_L[l]

r1062
asp_L[l]

r1063

r1064
r1067

r1068

r1071
lys_L[l]

r1073

r1074
r1076

r1077

r1080
tyr_L[l]

r1130

HC00004[e]
HC00004[l]

r1140

r1150

pi[l]
pi[c]

r1298

lnlncg[l]

r1299

r1301
r1302

r1304

r1364

lnlnca[l]

r1365

r1367

HC02100[l]
HC02100[r]

r1368
HC02100[l]

CARhPTtc
carn[l]

HIShPTtc

h[l]
h[c]

10FTHF5GLUtm

10FTHF6GLUtm

10FTHF7GLUtm

10FTHFtm

11DOCRTSLtm

11DOCRTSTRNtm

24_25DHVITD2tm

24_25DHVITD3tm

25HVITD2tin_m

25HVITD2tm

25HVITD3tin_m

25HVITD3tm

3AIBtm

3MOBt2im

h[c]

h[m]

3MOPt2im

h[c]
h[m]

3SALAASPm

4ABUTtm

4MOPt2im

h[c]
h[m]

4MPTNLtm

5THFtm

6DHFtm

6THFtm

7DHFtm

7THFtm
AACTtm

ACACt2m

h[c]
h[m]

ACALDtm

ACETONEt2m

h[c]
h[m]

ACRNtm

ACt2m

h[c]
h[m]

ADNtm
AKGMALtm

ALDSTRNtm
AMETt2m

ARGtm

h[m]
h[c]

ASNtm

ASPGLUm

h[c]
h[m]

ATPtm

BALAtmr

BHBtm

h[c]
h[m]

BTNt2m

h[c]
h[m]

BUTt2m

h[c]
h[m]

CBL2tm
cbl2[m]

CCA_D3tm

cca_d3[m]
cca_d3[c]

CDPDAGtm

CHLtm
CHSTEROLt1

CHSTEROLt2
CHSTEROLt3

CITRtm
CITtam

CITtbm

CO2tm

co2[c]
co2[m]

COAtm

CRNtim

crn[m]

CRTSLtm
CRTSTRNtm

CYANtm
CYTDtm

DECDPtm
DGSNtm

DHFtm

D_LACtm

h[c]
h[m]

DMGtm

DNDPt10m
DNDPt11m

DNDPt12m
DNDPt13m

DNDPt14m
DNDPt15m

DNDPt16m
DNDPt17m

DNDPt18m
DNDPt19m

DNDPt1m
DNDPt20m

DNDPt21m
DNDPt22m

DNDPt23m
DNDPt24m

DNDPt25m
DNDPt26m

DNDPt27m
DNDPt28m

DNDPt29m
DNDPt2m

DNDPt30m
DNDPt31m

DNDPt32m
DNDPt33m

DNDPt34m
DNDPt35m

DNDPt36m
DNDPt37m

DNDPt38m
DNDPt39m

DNDPt3m
DNDPt40m

DNDPt41m
DNDPt42m

DNDPt43m
DNDPt44m

DNDPt45m
DNDPt46m

DNDPt47m
DNDPt48m

DNDPt49m
DNDPt4m

DNDPt50m
DNDPt51m

DNDPt52m
DNDPt53m

DNDPt54m
DNDPt55m

DNDPt56m
DNDPt57m

DNDPt58m
DNDPt59m

DNDPt5m
DNDPt60m

DNDPt61m
DNDPt62m

DNDPt63m
DNDPt6m

DNDPt7m
DNDPt8m

DNDPt9m
FALDtm

FE2tm

h[c]
fe2[c]

h[m]
fe2[m]

FORt2m
FUMSO3tm

FUMSO4tm

so4[m]

FUMtm

pi[m]
pi[c]

FUMTSULtm
GLNtm

GLUt2m

h[c]
h[m]

GLXtm
GLYBtm

GLYC3Ptm
GLYCtm

GLYtm
GSNtm

H2O2tm

H2Otm

h2o[c]
h2o[m]

HMGCOAtm

Htm

h[c]
h[m]

ILEt5m
INStm

LEUt5m
L_LACtcm

L_LACtm

h[c]
h[m]

LYStm

h[m]
h[c]

MALSO3tm

MALSO4tm

so4[m]
MALtm

pi[m]
pi[c]

MALTSULtm

NACASPtm
O2Stm

O2tm
OCCOAtm

ORNt3m

h[c]
h[m]

ORNt4m

h[c]
h[m]

PCFLOPm

h2o[c]
h[c]

pi[c]

PE_HStm

PEFLIPm

h2o[c]
h[c]

pi[c]

PHEMEtm

PIt2m

h[c]
pi[c]

h[m]
pi[m]

PPAtm
PRGNLONEtm

PROtm

PSFLIPm

h2o[c]
h[c]

pi[c]

PYAM5Ptm

pyam5p[m]

PYDX5Ptm

pydx5p[m]

PYRt2m

h[c]
h[m]

SARCStm

SUCCt2m

pi[m]
pi[c]

TCYNTtm
THFtm

THMMPtm

h2o[m]
h2o[c]

THMPPtm

2 h2o[m]
2 h2o[c]

THMt2m

h[c]
h[m]

thm[m]

THYMDtm
Uritm

VALt5m
VITD2tm

VITD3tm
VITD3tm3

XOL27OHtm

XOL7AH2tm

XOLTRIOLtm

r0801

r0819

r0821

r0822

r0829

so4[m]

r0830

r0834

pi[m]
HC00319[c]

pi[c]
HC00319[m]

r0835

so4[m]
HC00319[c]

HC00319[m]

r0836

HC00319[c]
HC00319[m]

r0838

nh4[c]
nh4[m]

r0885

pi[m]
pi[c]

r0907

r0911

r0913

r0915

r0917

r0921

r0926

r0927

r0941

hco3[c]
hco3[m]

r0947

r0950

r0962

r0973

r0975

r1001

HC10854[m]
crn[m]

HC10854[c]
r1005

crn[m]

r1008

r1020

r1021

dhcholoylcoa[m]

r1078

r1117

r1146

2 h2o[r]
co2[r]

r1155

h[c]
h[m]

r1291

r1427

h[c]
h[m]

r1434

r1435

r1436

r1437

r1440

r1441

r1454

h[c]
h[m]

r1455

h[c]
h[m]

r1456

h[c]
h[m]

r1464

r1467

r1468

HC10852[c]
HC10852[m]

r2371

HC00342[c]

r2372

r2373

r2374

oxa[m]

r2375

r2376

r2377

r2378

r2379

r2380

r2381

h[c]
h[m]

r2382

h[c]
h[m]

r2384

h[c]

h[m]

r2385

h[c]
h[m]

r2386

h[c]
h[m]

r2387

h[c]
h[m]

r2388

h[c]

h[m]

r2389

h[c]

h[m]

r2390

h[c]

h[m]

r2391

h[c]

h[m]

r2392

h[c]
h[m]

r2393

r2394

r2395

h[c]
h[m]

r2396

h[c]
h[m]

r2397

h[c]
h[m]

r2398

h[c]
h[m]

r2399

h[c]
h[m]

r2400

h[c]
h[m]

r2401

h[c]
h[m]

r2402

h[c]
h[m]

r2403

h[c]
h[m]

r2404

h[c]
h[m]

r2405

h[c]
h[m]

r2406

h[c]
h[m]

r2407

h[c]
h[m]

r2408

h[c]
h[m]

r2409

h[c]
h[m]

r2410

h[c]
h[m]

r2411

h[c]
h[m]

r2412

h[c]
h[m]

r2413

h[c]
h[m]

r2416

h[c]
h[m]

r2419

pi[m]
pi[c]

r2420

pi[m]

pi[c]

r2425

r2433

crn[m]
r2434

crn[m]
HC01007[c]

HC01007[m]

r2435

crn[m]

r2436

crn[m]
HC02147[c]

HC02147[m]

r2437

crn[m]
HC02149[c]

HC02149[m]

r2438

crn[m]
HC02150[c]

HC02150[m]

r2472

pi[m]
pi[c]

r2520

r2539

C4tmc

3AIB_Dtm

AHCYStd

AMETtd

DATPtm

DCTPtm

DGTPtm

DHAPtc

DTTPtm

FADtm

GLU5SAtmc

GLYC3Ptmc

NADtm

PPItm

ppi[c]
ppi[m]

q10h2tc

q10tm

35CGMPtn

ACCOAtn

ACHtn

ACNAMtn

AHCYStn

AMETtn

ATPtn

BIOCYTtn

BTNtn

CHOLtn

CMPACNAtn

CO2tn

co2[n]
co2[c]

COAtn

CTPtn

CYTDtn

DATPtn

DCTPtn

DGTPtn

DIDPtn

DITPtn
DNADtn

DTDPtn
DTTPtn

DUDPtn
DUMPtn

DURItn
FORtrn

GMPtn
GTPtn

H2O2tn

H2Otn

h2o[n]
h2o[c]

HRETNtn

IDPtn

idp[c]

idp[n]

ITPtn

itp[c]

itp[n]

LYStn
MI13456Ptn

MI1346Ptn
MI14Ptn

MI1P_Dtn
MINOHPtn

NADtn

NH4tn

nh4[c]

nh4[n]

NICRNTtn

NMNtn
NTMELYStner

O2Stn

O2tn
o2[n]

ORETNtn

ORETNtn2
PA_HStn

PAIL_HStn
PAIL45P_HStn

PAIL4P_HStn
PEPLYStn

PItn

pi[n]

pi[c]

PPMI12346Ptn
PPMI1346Ptn

PPPItn

pppi[c]
pppi[n]

RAtn

retn[n]

RAtn3

Uritn

UTPtn

r1459

ppi[c]
ppi[n]

1a25DHVITD3TRn

4ABUTtcn

ACACtx
ACALDtx

ADHAPtx
ADPtx

ADRNCOAtx
AGPex

AKGtp
AMPtp

ARACHCOAtx
ARACHDCOAtx

ASPDxt
ATPtx

C226COAtx
CLPNDCOAtx

CO2tp

co2[c]

co2[x]

COAtp
CRNCAR3tp

CRNCARtp
CRNtx

DCSPTN1COAtx
DGCHOLtx

DHCHOLESTANATEtm
ETOHtx

FADH2tx
fadh2[x]

FADtx
fad[x]

FORMCOAtx
FRDPtc

FRDPtr
GCHOLAtx

GLXtp
GLYCLTtp

GLYtp
H2O2tp

H2Otp

h2o[c]

h2o[x]

HDD2COAtx
HEXCCOAtx

HMGCOAtx
HPYRtp

Htx

h[c]

h[x]

HXANtx
IPDPtx

LGNCCOAtx

lgnccoa[c]

lgnccoa[x]

LYStip

NADHtpu

nadh[c]
nadh[x]

NADPHtxu

NADPtxu

NADtpu

nadh[x]
nadh[c]

NAtx

na1[c]
na1[x]

NH4tp

nh4[c]
nh4[x]

NRVNCCOAtx

O2Stx
O2tp

OCCOAtx
ODECOAtx

OXAtp

PItx

pi[c]
pi[x]

PMTCOAtx

PPItx

ppi[c]
ppi[x]

PRISTANALtx
PRISTCOAtx

PRISTtx
Rtotaltp

SARCStp
SCP21x

SCP22x
SERtp

STCOAtx
SUCCtp

TCHOLAtx
TDCHOLAtx

TETHEX3COAtx
TETPENT3COAtx

TETPENT6COAtx
TETTET6COAtx

THCHOLSTOICtm
THP2Ctp

TMNDNCCOAtx
URATEtx

XANtx
r0934

r0954

r0988
lanost[x]

r0990

r0997

HC01007[x]
HC01007[c]

r0999

r1003

HC10855[x]
HC10855[c]

r1006

r1007

r1012

h2o[r]

adp[r]

h[r]

pi[r]

r1014

h2o[r]
adp[r]

h[r]
pi[r]

r1019

r1147

r1148

r1292

r1428

r1429

r2497

h2o[c]
h[c]

pi[c]

r2498

h2o[c]
h[c]

pi[c]

r2499

h2o[c]
h[c]

pi[c]

r2501

h2o[c]
h[c]

pi[c]

r2502

h2o[c]
h[c]

pi[c]

r2503

h2o[c]

h[c]

pi[c]

r2516

h[x]
h[c]

r2517

h2o[c]

h[c]

pi[c]

r2518

h2o[c]

h[c]

pi[c]

C16txc

h2o[c]

h[c]

pi[c]

C2tcx

C4tcx

c4crn[x]

C4x

C6COAt

c6crn[x]

C6CRNtcx

C9BRxtc

DCSPTN1COAtxc

h2o[c]

h[c]

pi[c]

DOCO13ECOAtxc

h2o[c]

h[c]

pi[c]

DOCOSCOAtxc

h2o[c]

h[c]

pi[c]

LGNCCOAtcx

h2o[c]
lgnccoa[c]

h[c]
pi[c]

lgnccoa[x]

NRVNCCOAtxc

h2o[c]

h[c]

pi[c]

PRISTCOAtcx

h2o[c]

h[c]

pi[c]

SCP21cx

h2o[c]

h[c]

pi[c]

STCOATxc

h2o[c]

h[c]

pi[c]

STRDNCCOAtxc

h2o[c]

h[c]

pi[c]CRNrtx

GLY3Pt

LACLt

MAL_Ltx

NADtx

AGPAT1

alpa_hs[c]

DGAT
Rtotal3coa[c]

DHAPA
DHAPAx

Rtotalcoa[x]

GPAM_hs

GPAMm_hs

Rtotalcoa[m]
alpa_hs[m]

LPS

h2o[c]
h[c]

Rtotal3[c]

LPS2

h2o[c]
h[c]

LPS3

h2o[c]
h[c]

LPS4e

h2o[e]
h[e]

LPSe

h2o[e]
h[e]

Rtotal3[e]

MOGAT

PPAP

h2o[c]
pi[c]

2OXOADPTm
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Figure 11 Human metabolism reconstructed from the Recon project [4, 5].


