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Abstract: Metabolic pathway analysis is a key method to study a metabolism in its steady state, and
the concept of elementary fluxes (EFs) plays a major role in the analysis of a network in terms of
non-decomposable pathways. The supports of the EFs contain in particular those of the elementary
flux modes (EFMs), which are the support-minimal pathways, and EFs coincide with EFMs when
the only flux constraints are given by the irreversibility of certain reactions. Practical use of both
EFMs and EFs has been hampered by the combinatorial explosion of their number in large, genome-
scale systems. The EFs give the possible pathways in a steady state but the real pathways are
limited by biological constraints, such as thermodynamic or, more generally, kinetic constraints and
regulatory constraints from the genetic network. We provide results on the mathematical structure
and geometrical characterization of the solution space in the presence of such biological constraints
(which is no longer a convex polyhedral cone or a convex polyhedron) and revisit the concept of EFMs
and EFs in this framework. We show that most of the results depend only on very general properties
of compatibility of constraints with vector signs: either sign-invariance, satisfied by regulatory
constraints, or sign-monotonicity (a stronger property), satisfied by thermodynamic and kinetic
constraints. We show in particular that the solution space for sign-monotone constraints is a union of
particular faces of the original polyhedral cone or polyhedron and that EFs still coincide with EFMs
and are just those of the original EFs that satisfy the constraint, and we show how to integrate their
computation efficiently in the double description method, the most widely used method in the tools
dedicated to EFs computation. We show that, for sign-invariant constraints, the situation is more
complex: the solution space is a disjoint union of particular semi-open faces (i.e., without some of
their own faces of lesser dimension) of the original polyhedral cone or polyhedron and, if EFs are
still those of the original EFs that satisfy the constraint, their computation cannot be incrementally
integrated into the double description method, and the result is not true for EFMs, that are in general
strictly more numerous than those of the original EFMs that satisfy the constraint.

Keywords: metabolic pathway analysis; steady state; flux cone; flux polyhedron; elementary flux
modes; elementary flux vectors and points; extreme vectors and points; double description method;
thermodynamic constraints; kinetic constraints; regulatory constraints; sign-monotonicity; sign-
invariance; support-minimality; conformal non-decomposability; conformal support-wise non-strict-
decomposability

1. Introduction
1.1. Metabolic Networks

In order to ensure this paper is self-contained and has no prerequisite to be read,
we summarize in this introduction the state-of-the-art related to the subject and fix the
notations adopted throughout the paper. The results quoted being known, are thus given
without proof and the reader is invited to refer to the works in [1-7], in addition to the
references in the text, for the proofs or surveys.

A metabolic network is made up of a set of r biochemical enzymatic reactions. Each
reaction consumes certain metabolites (called substrates of the reaction) and produces other
metabolites (called products of the reaction). Each metabolite is assigned a coefficient in the
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reaction, its stoichiometric coefficient (counted negatively for substrates and positively for
products). We distinguish internal from external metabolites w.r.t. the system under study
(e.g., a bacterium, an eukaryotic cell), the reactions involving both internal and external
metabolites being transfer reactions. If m is the number of internal metabolites (r > m), the
network is thus given by its stoichiometric matrix § € R™*", where coefficient S;; is the
stoichiometric coefficient of internal metabolite j in reaction i (positive if j is a product of
reaction 7 and negative if it is a substrate). A state of the network at a given time ¢ is given
by the net rates (or fluxes) in each of its reactions at t, i.e., by a flux vector (or rate vector, or
flux distribution) v(t) € R". Denoting by M(t) € R*" the vector of the concentrations of
internal metabolites at ¢, the time evolution of the network is thus given by

dM(t)
dt

= Sv. (1)

1.2. Steady-State Behavior and Flux Subspace

We are interested in the steady-state behavior of the network. The steady-state as-
sumption means that the concentrations of internal metabolites remain constant along
time (no accumulation or reduction of internal metabolites inside the system, an approx-
imation which is valid for short time periods, e.g., a few minutes) and leads thus to the
fundamental equation

Sv=0. 2)

With only this assumption, the solution space Solg, i.e., the space of all admissible flux
vectors v, is thus the linear subspace FS of R" given by the kernel, or nullspace [8], of S:

Sols £ FS £ {veR'|Sv=0l. 3)

The dimension of the flux subspace is given by dim(FS) = r — rank(S) > r — m. Often,
possibly after a preprocessing to eliminate its linearly dependent rows, S is assumed to be
of full rank and then dim(FS) = r — m.

The support of a vector x € R" is defined by

supp(x) £ {i|x #0}. 4)

The support of a flux vector v has thus an important biological signification as it
represents the reactions involved in the subnetwork (that we shall call pathway) defined
by v (i.e., those through which the flux given by v is not null).

1.3. Irreversible Reactions, Flux Cones and Polyhedral Cones

In addition to the homogeneous equality constraints provided by the steady-state as-
sumption, the flux vectors, in general, must also satisfy homogeneous inequality constraints
corresponding to reactions known as irreversible, whose set will be noted Irr:

v; > 0fori € Irr. 5)

This means that fluxes in irreversible reactions are constrained to be non-negative (in
reversible reactions, fluxes may be either positive, or negative or null and the direction
fixed as positive is arbitrary, the role between substrates and products being able to switch).
If r; = |Irr|, with 0 < r; < 7, is the number of irreversible reactions, the solution space
Solg 1y is the intersection of the linear subspace FS with r; non-negative half-spaces, it is
thus a particular case of a convex polyhedral cone, called s-cone (subspace cone or special
cone) or flux cone, noted FC:

Solg 1y 2 fc 2 {veR" |Sv=0,v; >0fori € Irr}. (6)
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A (general) convex polyhedral cone is defined implicitly (or by intension) by finitely
many homogeneous linear inequalities:

C2 [xecR |Ax>0} @)

with a suitable matrix A € R"*" (called a representation matrix of C) and is thus the
intersection of n half-spaces whose frontiers contain the origin. The dimension of C, noted
dim(C), is defined as the dimension of its affine span. A flux cone corresponds thus to a

particular matrix A € R"+1)X" giyen by
S
A=|-S ®)
Inee

where Iy, € R is the extension of the (r; x rj) identity matrix by columns of zeros
corresponding to reversible reactions. This means that, for a flux cone, the homogeneous
linear inequalities are of a special type: part of these () are actually equalities defining
a lower-dimensional subspace given by the nullspace of the stoichiometric matrix S, the
others (r1) being non-negativity constraints regarding some single coordinate variables
(given by the irreversible reactions) corresponding thus to particular half-spaces defined
by such positive coordinate axes.

Conversely, to any convex polyhedral cone C in R" defined by a representation matrix
A € R"™", we can associate a flux cone FC¢ of the same dimension in R"*" defined by

FCc & {(;‘x) R |x e C)

={veR"™|(A -I)v=0,v; >0forr+1<i<r+n}.

©)

Using this correspondence (which defines a bijection of C onto FCc), several properties,
proven for flux cones, can actually be lifted to general convex polyhedral cones.

From the definition of a cone, for every nonzero element x of C, the whole half-line
{ax | « > 0} is contained in C. This is called a ray of C. Thus a flux vector is defined up
to a positive scalar multiplication. The lineality space of C is the union of all lines of C,
ie, {x € C| —x € C}. If C is defined by a representation matrix A, its lineality space thus
equals the nullspace of A, i.e.,, {x € R" | Ax = 0}. For a flux cone FC given by Equation (6),
its lineality space is thus constituted by the flux vectors v such that v; = 0 for i € Irr, i.e,,
flux vectors involving only reversible reactions (and thus the global flux can go in either
one direction or the other). The cone C is called pointed if it does not contain a line, i.e., if
its lineality space is reduced to {0}. For example, if C is contained in a closed orthant, it is
pointed (where the 3" closed orthants are defined by {x € R" | x; op; 0 fori =1,...,r} for
an operator vector op € {<,=,>}"). In particular, a flux cone FC with only irreversible
reactions (r; = r) is necessarily pointed as it is included in the positive r-orthant (i.e., of
dimension 7). Actually, reversible flux vectors very rarely occur in metabolic networks,
which therefore often give rise to pointed flux cones.

1.4. Extreme Vectors and Generating Sets

We are interested in finding an explicit (by extension) representation of C in the form
of a (minimal) set of generators. A nonzero vector x € C is called extreme (or extreme
pathway [9,10] if x is a flux vector), if

x = x! 4+ x%, with nonzero x', x> € C, implies x! = Ax? with A > 0. (10)

If x € C is extreme, then {ax | « > 0} is called an extreme ray of C as all its nonzero
elements are extreme (and thus for simplifying notations, we will not distinguish extreme
vectors and extreme rays when it does not create confusion). In fact, C has an extreme ray if
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and only if C is pointed and, in this case, the extreme rays are the edges (faces of dimension
one) of C and, according to Minkowski’s theorem, constitute the unique minimal (finite)
set of generators of C for conical (i.e., non-negative linear) combination:

A

C={YxBrY" | B = 0} = cone({y"}) (11)

where the y¥’s, k € K (finite index set), are representatives of the extreme rays (unique up
to positive scalar multiplication) and cone is the conical hull. More precisely, we get an
upper bound for the number of extreme vectors that are sufficient to decompose any given
nonzero vector x € C: x = Yycx Bry* with [Ky| < min(dim(C), |supp(x)| + |supp(Ax)|).
This result can be demonstrated first for a flux vector v of a pointed flux cone FC with an
upper bound given by |Ky| < min(dim(C), |supp(v)|) and then for a vector x of a general
pointed polyhedral cone C by using the correspondence (9) between C and FC¢ which
maps the extreme vectors of C onto the extreme vectors of FCc. Extreme vectors of a
pointed cone C will be noted ExVs.

The Double Description (DD) method [11,12], known as Fourier-Motzkin, is an incre-
mental algorithm (which processes one by one each linear inequality (Ax); > 0) to build an
explicit description of a pointed cone C, as a minimal generating matrix (whose columns
are in 1-to-1 correspondence with the extreme rays), from an implicit description of C by a
representation matrix, i.e., to enumerate its extreme rays.

If C is not pointed, it is still finitely generated:

C={Y kBY + Y, 17 | Be > 0,71 € R} = cone({y", 2, —2'}) (12)

with (not unique this time) minimal set of generators consisting of basis vectors z' of the
lineality space and suitable vectors y* not in the lineality space (e.g., the extreme vectors of
the pointed cone obtained by intersecting C with the orthogonal complement of its lineality
space). Actually, Minkowski-Weyl theorem for cones states that it is equivalent for a set C
to being a polyhedral cone (7) or to being a finitely generated cone, i.e., the conical hull of a
finite set of vectors (as the yk’s, zVs and —z'’s).

1.5. Elementary Vectors and Conformal Generating Sets

Now, if the existence and uniqueness of a minimal set of generators for conical
decomposition in a pointed polyhedral cone C is satisfactory for an explicit geometric
description of C, it is not in general meaningful for a flux cone FC representing the steady-
state flux vectors of a metabolic network. In fact, for a metabolic pathway, only a conical
decomposition without any cancellations is biochemically meaningful, as a reversible
reaction cannot have a net rate in opposite directions in the contributing pathways. Indeed,
the second law of thermodynamics states that a reaction can only carry flux in the direction
of negative Gibbs free energy of the reaction, which is imposed by the values of the
concentrations of the metabolites. This means that, when decomposing a flux vector, only
so-called conformal sums, i.e., sums without cancellations, are biochemically admissible. A
sum v = v! + v of vectors is called conformal if, for alli € {1,...,r}:

v; = 0 implies v} = v? = 0,v; > 0 implies v}, v? > 0,v; < 0 implies v}, v? < 0.  (13)
An equivalent definition is to define a sum v = v! + v? as conformal if

sign(vl),sign(v?) < sign(v) (14)

where the sign vector sign(v) € {—,0,+}" is defined by applying the sign function

component-wise, i.e., sign(v); = sign(v;), and the partial order < on {—,0,+}" is de-

fined by applying component-wise the partial order on {—,0, +} induced by 0 < — and

0 < +. For example, there is a one-to-one mapping between closed orthants O and sign
vectors 1, defined by O = {x € R" | sign(x) < n} (O will be called defined by n and noted
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Oq,), which induces a one-to-one mapping between closed r-orthants and full support (i.e.,
with only nonzero components) sign vectors. For &, 1 sign vectors and v a vector, we say
that & conforms to 1 if & < 1 and that v conforms to n if sign(v) < 1. We call two vectors
v!,v2 conformal if sign(v'),sign(v?) < m for a certain sign vector 1 or, equivalently, if
vl«lvi2 > 0 for all i (so, v! + v? is a conformal sum if and only if v! and v? are conformal). A
conformal sum v = v! + v?, i.e., verifying Equation (14), will be noted v = v! & v2. It is
therefore natural to look for generators as conformally non-decomposable vectors, where a
nonzero vector x of a convex polyhedral cone C is called conformally non-decomposable, if

x = x! @ x%, with nonzero x', x> € C, implies x! = Ax® with A > 0. (15)

A vector x (resp., flux vector v) of a convex polyhedral cone C (resp., a flux cone FC)
is called elementary [7] if it is conformally non-decomposable. All nonzero elements of the
ray defined by an elementary vector are elementary, i.e., elementary vectors are unique up
to positive scalar multiplication (and thus we will often not distinguish elementary vectors
and elementary rays). Elementary vectors (resp., flux vectors) will be noted EVs (resp.,
EFVs).

The elementary rays constitute the unique minimal (finite) set of conformal generators
of C, i.e., generators for conformal conical sum:

C =D, e’ | By =0} = cones({e}) (16)

where the e8’s, ¢ € VG (finite index set), are representatives of the elementary rays
(unique up to positive scalar multiplication) and coneg is the conical conformal hull.
More precisely, we get an upper bound for the number of elementary vectors that are
sufficient to decompose any given nonzero vector x € C: x = @y, fges with [VGyx| <
min(dim(C), |supp(x)| + |supp(Ax)|). This result can be demonstrated first for a flux vector
v of a flux cone FC with an upper bound given by |VGy| < min(dim(C), |supp(v)|) and
then for a vector x of a general polyhedral cone C by using the correspondence (9) between
C and FCc which maps the elementary vectors of C onto the elementary flux vectors
of F Cc.

It follows from (10) and (15) that an extreme vector of C is elementary, i.e., ExVs C EVs,
but the converse is generally false as a conformally non-decomposable vector may be
conically decomposable. Nevertheless, if C is contained in a closed orthant, there is identity
between extreme vectors and elementary vectors, i.e., ExVs = EVs. More precisely, for
nonzero x € C and O a closed orthant with x € O, then x is elementary in C if and only if it
is extreme in C N O. It results that the elementary vectors of C are the extreme vectors of
intersections of C with any closed orthant:

EVS(C) = Uy oy EXVS(CNO). (17)

Elementary vectors of C can thus be obtained by using algorithms, such as DD, to
compute extreme vectors ExVs of the pointed polyhedral cones C N O. By doing this, it is
convenient to select in Equation (17) only a minimal subset of closed orthants O in order
to avoid equality or inclusion between the C N O’s (nonempty intersection can obviously
not be avoided as orthants are closed). It is clearly enough to consider only the 2" closed
r-orthants of maximal dimension r, but this does not avoid equality or inclusion. Let
{n'} be the maximal (for the partial order defined above on {—,0, +}") sign vectors of
sign(C) = {sign(x) | x € C}. Itis then enough in Equation (17) to consider the closed
orthants O; = {x € R" | sign(x) < 1}, and there is no equality or inclusion between the
CNOy’s, where CNO; = Ci = {x € C | sign(x) < n'}. The C,i’s are called topes,
noted Ts (flux topes [13] noted FTs for a flux cone FC). C is thus decomposed into topes
and Equation (17) can be rewritten as

EVs(C) = ExVs(Coyyi)- (18)

1! maximal in sign(C)
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Note that, for a flux cone FC Equation (6), a FT is defined by specifying a maximal sub-
set of reactions with fixed directions (thus fixing the directions of reversible reactions), the
others having necessarily a zero flux. This simplifies if FC is consistent, i.e., without unused
reaction, which means that every reaction, in every possible direction for reversible reac-
tions, is supported by a flux vector: Vi € {1,...,r} Iv€ FCv; > 0and Vi € {1,...,r}\Irr
dv € FCv; < 0. We can always assume FC consistent after a preprocessing step (practically,
this can be achieved by using flux variability analysis [14]) that removes all reactions that
cannot carry nonzero steady-state flux and changes all reversible reactions that cannot
carry flux in both directions into irreversible ones. In this case, every remaining reaction in
every possible direction is supported by a flux vector with full support (i.e., with nonzero
flux in any reaction) and all FIs FC_, ;have full support, i.e., the n'’s have full support or,
equivalently, the O;’s are r-orthants. An obvious upper bound for the number of FTs is
thus 2"7'1.

Now, for a flux cone FC, another commonly used method is, at the extreme opposite,
to have it included into a single (positive) orthant in a higher dimension by splitting each
reversible reaction 7 into a forward i and a backward i~ irreversible reaction. This means
decomposing a fluxinias v; = v;" —v; withv" =v;» >0and v, =v;- > 0. Columns
of the stoichiometric matrix S corresponding to reversible reactions 7 are negated (which
means exchanging the roles of substrates and products in i) and appended to S as new
columns to form the new stoichiometric matrix S € R"™*7 where # = 2r — r 1 is the new
number of reactions and all 7 reactions are now irreversible, Irr = {1,...,7}. FCisin
one-to-one correspondence with vectors v of FC such that v;+.v;- = 0 for i reversible. In
particular, the fluxes of the form v;+ = v;- > 0 with all other components being null are
obtained as extreme vectors of FC but represent futile cycles (involving reactions it and
i~) without biological reality and must be eliminated. Finally, EFVs (FC) are in one-to-one
correspondence with ExVs (FA(/Z) \ {futile cycles} (called at the origin extreme currents in
stoichiometric network analysis [15]). FC is included in the positive 7-orthant and has thus
only one FT.

We therefore have two opposite ways of dealing with reversible reactions for comput-
ing EFVs of a flux cone FC: either splitting each reversible reaction into two irreversible
ones, such that FC is reduced to a single FT at the price of an increase in the space dimen-
sion by r — r; (which can cause serious efficiency problems to algorithms such as DD) or
keeping the reversible reactions unchanged and decomposing FC into FTs, in each of which
the directions of reversible reactions are fixed, at the price of a potentially exponential (in
terms of r — r;) number of FTs to consider. All intermediate cases, where only a subset of
reversible reactions are split into irreversible ones and the others are processed by decom-
position into FTs, are obviously possible. Independently of the solution adopted, we will
work most of the time in a given FT for FC, defined by a (full support if FC is consistent)
sign vector 1, and the EFVs of FC which conform to n are thus given by the ExVs of this
FT FC<y.

1.6. Elementary Modes

The null value 0 plays a component-wise crucial role in definitions of the support of
a vector (4), of a flux cone (6) and of a conformal sum Equations (13) and (14). A close
relationship results between support-minimal vectors and elementary vectors in a flux
cone. A nonzero vector x € C is called support-minimal, if

supp(x') C supp(x), with nonzero x' € C, implies supp(x') = supp(x). (19)

A nonzero vector x (resp., flux vector v) of a convex polyhedral cone C (resp., a
flux cone FC) is called elementary mode (resp., elementary flux mode) if it is support-
minimal (the concept of elementary flux mode was first introduced, under the name of
elementary vector [16], for a subspace of R’, i.e., for a flux linear subspace FS Equation (3)
and then [17] for a flux cone FC with a definition actually closer to that of a support-wise
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non-decomposable vector). All nonzero elements of the ray defined by an elementary
mode are elementary modes having the same support, i.e., elementary modes are unique
up to positive scalar multiplication (and we will therefore in general identify two positively
proportional elementary modes). Elementary modes (resp., flux modes) will be noted
EMs (resp., EFMs). The concept of EFM in a flux cone FC is biologically significant as it
represents a minimal pathway operating in a steady state, i.e., with all reactions involved
necessarily active (with a nonzero net rate), which means that no proper sub-pathway can
operate in a steady state.

Note that if x is an EFM, then sign(x) is a minimal (for the partial order defined
above on {—,0,+}") nonzero element of sign(FC) and, conversely, it is shown that a
minimal nonzero sign vector ¢ € sign(FC) determines an EFM x with sign(x) = o by
FC<s = {v € FC | sign(v) < o} = {v € FC | sign(v) = o} U{0} = {Ax | A > 0}.
There is thus a one-to-one mapping between EFMs and minimal nonzero sign vectors of
sign(FC). Comparing with the one-to-one mapping between FTs and maximal sign vectors
of sign(FC), we see that EFMs and FTs are dual concepts.

Now, for a flux cone FC, support-minimality and conformal non-decomposability are
equivalent properties, i.e., there is identity between elementary flux modes and elementary
flux vectors: EFMs = EFVs. For metabolic pathways in a flux cone FC, there is therefore
identity between minimal (for support inclusion) pathways and non-decomposable (for
conformal sum) pathways. From Equation (16), the EFMs constitute a conformal generating
set (i.e., generating set for conformal sum) for FC, and in fact the unique minimal such set
(for that matter one way of proving Equation (16) for flux cones FC is to prove it with EFMs
as a conformal generating set and to prove that EFMs = EFVs). From Equation (18), for
any maximal sign vector 1 of sign(FC), the EEMs of FC which conform to 1 are the EFMs
of the FT FC<y, and coincide with the ExVs of the said FT, this result being the basis of
methods for computing EFMs [18,19]. EFMs are thus decomposed into subsets according
to the decomposition of FC into flux topes [13]: the EFMs of the FT FC<;, correspond to the
FC<’s, where the 0’s are the minimal nonzero sign vectors of sign(FC) such that o < 7.

For a general polyhedral cone C, there is no direct relationship between elementary
modes and elementary vectors. Nevertheless, from Equation (16), it follows that, for any
EM in C, there is an EV with the same support. Thus, all minimal support patterns of
vectors appear in the set of supports of elementary vectors and are actually the minimal
elements in this set for subset inclusion:

supp(EMs) = Minc {supp(EVs)}. (20)

In addition, for a general polyhedral cone C, the correspondence (9) between C and the
higher dimensional flux cone FC¢ maps the elementary vectors of C onto the elementary
flux vectors of FCc, i.e., the elementary flux modes of FC¢:

EVs(C) = {x € R" | (;) € EFMs(FCc)} 1)

with FCc given by Equation (9).

Moreover, it remains true that any vector which is support-minimal in a given C<y,
is actually support minimal in C, as it depends only on the convexity of C: if x and x’ are
vectors in a convex set with supp(x’) C supp(x), then a vector x” exists in this convex
set with sign(x") < sign(x) and supp(x”) C supp(x) (we take X’ = Ax' + (1 — A)x with
A minimal in (0,1] such that x/ = 0 for a certain i with x; # 0). Thus, EMs of C can be
computed tope by tope:

EMs(C) = | EMs(C_). (22)

1 maximal in sign(C)

See Figure 1 for an illustration of the concepts of extreme vectors, elementary vectors
and elementary modes in a convex polyhedral cone.
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> X P

Figure 1. On the left, we consider the convex polyhedral cone shaded in gray. The extreme vectors
are the blue vectors. The elementary vectors are all the blue or red vectors and coincide with the
extreme vectors for all topes (here we have two topes: the subcone with x > 0 and the subcone with
x < 0). The elementary mode is the red vector (common to both topes). Flux cones being defined by
linear inequalities of the form v; > 0, elementary modes coincide with elementary vectors in this
case (at right).

1.7. Inhomogeneous Linear Constraints and Polyhedra

Additionally, in this standard setting, fluxes may be constrained by other constraints,
typically lower and upper bounds regarding reaction rates:

v <vi<vi (23)

or, more generally, any set of inhomogeneous linear constraints, noted ILC, that can be
written in the general form
Gv>h (24)

where G € R'*" is a matrix and h € R/ a vector with nonzero components, defining a
general inhomogeneous convex polyhedron Py ¢ = {v € R" | Gv > h}. The solution
space S0lg 1y 11.C is thus now a s-polyhedron or flux polyhedron noted FP and defined by

SOlS,Irr,ILC é FP é {V eR | Sv=0, v; > 0fori € Irr, Gv > h} =FCnN PILC' (25)

This is a particular case of (general) convex polyhedron that is defined implicitly by
finitely many linear inequalities:

P2 [xeR |Ax>b} (26)

with a suitable matrix A € R"*" and vector b € R"” and is thus the intersection of n (affine)
half-spaces (R" is equipped with both its structure of affine space, with origin 0, and its
underlying structure of vector space and we will identify a point in the affine space with
the corresponding vector in the vector space). Its dimension is defined as the dimension
of its affine span. In this way, a flux polyhedron FP corresponds to a particular matrix
A € REmH14DXr and vector b € R¥"+71+ given by

—-S
A: b:
IIrr

G

(27)

> o oo

meaning that the inequalities that are homogeneous actually divide into m equalities
defining a lower-dimensional subspace given by the nullspace of the stoichiometric matrix
S and into r; non-negativity constraints regarding certain single coordinate variables
(given by the irreversible reactions). A polyhedral cone (resp., flux cone) is a special case of
polyhedron (resp., flux polyhedron) where b = 0 (resp., ILC = @).
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To any nonempty polyhedron P given by Equation (26) is associated its so-called
recession cone Cp = {x € R" | Ax > 0}, which is the polyhedral cone containing all
unbounded directions (rays) of P (if P is a polyhedral cone, then P = Cp). A bounded
polyhedron is called a polytope and thus P is a polytope if and only if its recession cone is
trivial: Cp = {0}. P is called pointed if its recession cone Cp is pointed, i.e., if its lineality
space {x € R" | Ax = 0}, also called the lineality space of P (as it contains all unbounded
lines of P), is trivial. For a flux polyhedron FP, we have: Crp = FC N Cp,, . (thus FP can be
a polytope without Py ¢ being so and be pointed without either FC or P ¢ being so). Note
that Crp is not in general a flux cone.

1.7.1. Extreme Points and Vectors and Generating Sets

A vector x € P is called an extreme point, if it cannot be written as a convex combina-
tion of two distinct vectors of P:

x = Axt + (1- /\)x2, withx!,x* € Pand 0 < A < 1, implies xt = x2. (28)

Note that, as P is convex, it is enough to consider the midpoint of x! and %2, i.e., to
take A = 0.5. Extreme points coincide with vertices of P, where a vertex of P is defined as a
face of dimension 0. P is pointed if and only if it has a vertex and in this case, according to
Minkowski’s theorem, the vertices of P and the extreme rays of Cp constitute the unique
minimal (finite) set of “bounded” and “unbounded” generators of P for convex and conical
combination, respectively:

P= (P + Vet |y b= 0o =1} 2 cono({pl}) + cone({y}) (29)

where the p/’s, j € ] (finite index set), are the extreme points (vertices) of P, noted ExPs,
and the y*’s, k € K (finite index set), are the extreme vectors of Cp (unique up to positive
scalar multiplication), noted ExVs, and conv is the convex hull (if P is a pointed polyhedral
cone, then it has only one vertex, which is the zero vector, and the Equation (29) reduces to
Equation (11)). More precisely, we get an upper bound for the number of extreme points and
vectors that are sufficient to decompose any given vector x € P: x = } e, lX]'pj + Ykex Bry*
with |Jx| + |Kx| < min(dim(P) + 1, |supp(x)| + |supp(Ax —b)| +1). This result can be
deduced from result (11) for a pointed flux cone FC by using the following correspondence
between P and such a flux cone.

In fact, to any convex polyhedron P in R” defined by a matrix A € R"*" and vector
b € R" Equation (26), we can associate a flux cone FCp in a higher dimension R’*+1+"
defined by

X
ERTIH" 1 2>0Ax— b >0
{ Axigb ¢ x—¢ } 30)

= {ve R+ (A =b —I)v=0,v; > 0forr+1<i<r+1+n}

FCp 2

X
This introduces a correspondence between vectors x of P and vectors ( 1 ) of FCp,
Ax—b

which maps vertices of P onto extreme vectors of FCp with component ¢ = 1, and between

X
vectors x of Cp and vectors ( 0 > of FCp, which maps extreme vectors of Cp onto extreme
Ax

vectors of FCp with component ¢ = 0. Thanks to this correspondence, several properties,
proven for flux cones, can be lifted to general convex polyhedra.
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For the particular case where P is a flux polyhedron FP given by Equation (25), the
correspondence (30) simplifies by associating to FP the flux cone FCrp in dimension Rr+1+!
defined by

v
{ ¢ e R4 | Sy =0,v; > 0fori € Irr,& > 0,Gv — ¢h > 0}
Gv—¢h

v, >0fori€Irrand forr+1<i<r+1+I}.

FCpp 2

(31)

The DD method builds an explicit description of a pointed polyhedron P, in the form
of two generating matrices whose columns are respectively the p/’s and the y*’s, from an
implicit description of P as in Equation (26), i.e., enumerates its vertices ExPs and extreme
vectors ExVs.

If P is not pointed, it is still finitely generated:

P = {Zje]“fpj + L erPY + e m? |y B = 0, € R, Zje]”‘j =1}

| (32)
= conv({p'}) + COVW({Yk'zl' _zl})

with a (not unique this time) minimal set of generators consisting of basis vectors z' of
the lineality space and suitable vectors p/ and y* (e.g., the vertices and extreme vectors
of the pointed polyhedron obtained by intersecting P with the orthogonal complement
of its lineality space; if P is a non-pointed polyhedral cone, there is no nonzero p/ and
Equation (32) reduces to Equation (12)). In fact, Minkowski-Weyl theorem for polyhedra
states that it is equivalent for a set P to be a polyhedron (26) or to be finitely generated, i.e.,
to be the Minkowski sum of the convex hull of a finite set of vectors (as the p/’s) and of the
conical hull of a finite set of vectors (as the yk’s, z"’s and —z's).

1.7.2. Elementary Points and Vectors and Conformal Generating Sets

However, such a decomposition into a finite set of generators is not in general sat-
isfactory for a flux polyhedron as only a decomposition without any cancellations is
biochemically meaningful, as was stipulated for a flux cone in Section 1.5. In the same
way as we replaced, as generators for a polyhedral cone, extreme vectors by conformally
non-decomposable vectors, we will replace, as generators for a polyhedron P, extreme
points (vertices) by convex-conformally non-decomposable vectors (and, for its recession
cone Cp, extreme vectors by conformally non-decomposable vectors). A vector x of a
polyhedron P is called convex-conformally non-decomposable, if

x = Ax' B (1- /\)xz, withx!,x> e Pand0 < A < 1, implies x! = x2. (33)

Given a polyhedron P (resp., flux polyhedron FP), a vector (resp., flux vector) x
is called an elementary point (resp., elementary flux point)—also called “bounded” ele-
mentary vector—of P if x € P is convex-conformally non-decomposable and is called an
elementary vector (resp., elementary flux vector)—also called “unbounded” elementary
vector—of P if x € Cp is conformally non-decomposable (it is unique only up to positive
scalar multiplication) [7]. Elementary points (resp., flux points) will be noted EPs (resp.,
EFPs) and elementary vectors (resp., flux vectors) will be noted EVs (resp., EFVs), which is
consistent with the same notation for polyhedral cones and flux cones. We will note Es =
EPs U EVs (resp., EFs = EFPs U EFVs) the elementary elements (resp., elementary fluxes) of
P (resp., FP).
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The elementary points and the elementary rays constitute the unique minimal (finite)
set of conformal generators of P, i.e., generators for convex-conformal (for elementary
points) and conformal (for elementary vectors) sum:

P= {@gGPG“geg ® ®g€VGﬁgeg | Xg,s 188 >0, gEPGng = 1}

(34)
2 convg ({ed | g € PG}) @ coneq ({ef | g € VG})

where the e8’s, g € PG (finite index set), are the elementary points and the e8’s, g € VG
(finite index set), are the elementary vectors (unique up to positive scalar multiplication),
and convg, is the convex conformal hull. More precisely, we get an upper bound for the
number of elementary points and vectors that are sufficient to decompose any given vector
x € P: x = @gepg igef © Byeve, Bged with |[PGy| +[VGx| < min(dim(P) +1, supp(x)| +
|supp(Ax —b)| + 1). This result can be demonstrated from result (16) for a flux cone by
using the correspondence (30) between P and FCp which maps the elementary points of P
onto the elementary flux vectors of FCp with component ¢ = 1 and the elementary vectors
of P onto the elementary flux vectors of FCp with component ¢ = 0.

We already know that an extreme vector of Cp is elementary, and is therefore an
elementary vector of P, i.e., ExVs C EVs. It follows from Equations (28) and (33) that
an extreme point (vertex) of P is an elementary point of P, i.e., ExPs C EPs, but the
converse is generally false as a convex-conformally non-decomposable vector may be
convex decomposable. Nevertheless, if P is contained in a closed orthant (and thus Cp too),
any sum of vectors of P (resp., Cp) is conformal and thus there is identity between extreme
points (vertices) and elementary points (resp., between extreme vectors and elementary
vectors), i.e., ExPs = EPs and ExVs = EVs. More precisely, for x € P (resp., x € Cp and
nonzero) and O a closed orthant with x € O, then x is an elementary point (resp., elementary
vector) of P if and only if it is a vertex in P N O (resp., an extreme vector in Cp N O = Cpnp).
It follows that the elementary points (resp., elementary vectors) of P are the vertices (resp.,
extreme vectors) of intersections of P (resp., Cp) with any closed orthant, which are pointed
subpolyhedra (resp., pointed subcones):

EPs(P) =y i EXPS(PNO)  EVs(P) =], . ExVs(CpNO).  (35)

Note in particular that, if 0 € P, then 0 € EPs. Elementary points and vectors can
therefore be obtained by using algorithms, such as DD, to compute vertices ExPs and
extreme vectors ExVs of the pointed polyhedra P N O. It is obvious that considering
only the 2" closed r-orthants is enough. Now;, as for polyhedral cones, decomposing the
polyhedron into topes is better:

EPs(P) = ExPs(P_, )

Uni maximal in sign(P) (36)

EVs(P) = ExVs(Cpyj)-

Unf maximal in sign(Cp)

If O; is the closed orthant defined by n’, then the corresponding tope for P is P N O; =
P_.i = {x € P | sign(x) < n'} and, as seen for polyhedral cones, Cp N O; = Cp_,
is a tope for the recession cone Cp. Examine how the equality Cp_, = Cp<y, for n
an arbitrary sign vector, can be expressed in terms of topes. Note first that any 1/ is
dominated by at least one 1’ for the partial order < on {—,0,+}": Vi/3an'n/ < n/, which
means that O; is a sub-orthant of O;, and we have Cp_, ; = Cp_,, expressing the relation
between the topes for the recession cone of the polyhedron and the recession cones of

certain of the polyhedron topes (precisely those topes P,; for which n' dominates an
1/, necessarily unique). More generally, the recession cone of any tope P_ i for P can be
expressed as a subcone of a tope for the recession cone of P by Cp_ o= Cp<c(ni), Where

c(n’) = max{n € szgn(Cp) | 1 < n'} is the greatest (it is necessarily umque) sign vector in
sign(Cp) dominated by '’ (thus, if 1’ does not dominate any n,C P<c(ni) is not a tope for
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Cp; this is the case for example if P is not a polytope but P_ i is, implying that cm’)=0
and that Cp_ (i) = {0} is not a tope for Cp # {0}).

For the partlcular case of a flux polyhedron FP (25), we have FP<y, = FC<yy N Pprc
and Crp.,, = Crp<y = FC<yy NCpy, for any sign vector . Any flux tope FP_.; for FP
can thus be expressed as FP_,;; = FC_ .« N Prrc, for a certain flux tope FC_, for FC, ie,
by applying the constraints ILC toa ﬂux tope for FC. The same holds for the recession cone:
CFp<ni Crp<cni) = FCaqr NChyc, e, by applying the homogeneous counterparts of
constraints ILC to a flux tope for FC. If FP is assumed to be consistent (same definition as
for a flux cone, i.e., w1th0ut unused reaction, always with a zero flux), all FIs F P< ; then

have full support, i.e., the n'’s have full support or, equivalently, the O;’s are r-orthants. An
obvious upper bound for the number of FTs is thus 2"~"1. Note that Crp to be consistent is a
sufficient (but not necessary) condition for FP to be consistent, and that, if FP is consistent,
so is FC (but FP can be inconsistent even if both FC and Pyj ¢ are consistent).

The method used to include a flux cone into a single (positive) orthant in higher
dimension, by splitting each reversible reaction i into a forward i™ and a backward i~
irreversible reaction, applies as well to a flux polyhedron FP. Matrix G is extended into
matrix G € R'*7 in the same way that S is extended into S € R"*7, where 7 = 2r — r; is
the new number of reactions and all 7 reactions are now irreversible, Irr = {1,...,7}. FPis
in one-to-one correspondence with vectors v of FP such that v;+.v;- = 0 for i reversible.
In particular, the fluxes with v;+,v;- > 0 for a certain i, which are obtained as vertices or
extreme vectors of FP, are futile (involving a net rate in opposite directions in reactions i ™
and i~) without biological reality and must be eliminated (they are not generally limited to
futile cycles as in flux cones). Finally, the set of elementary fluxes EFs (FP) is in one-to-one
correspondence with (ExPs (ﬁ’) U ExVs (1573)) \{futile fluxes}. As FP is included in the
positive 7-orthant, it has only one FT.

As for flux cones, there are two opposite ways of dealing with reversible reactions for
computing EFs = EFPs U EFVs of a flux polyhedron FP: either splitting each reversible
reaction into two irreversible ones, reducing FP to a single FT in higher dimension, or keep-
ing the reversible reactions unchanged and decomposing FP into FTs without increasing
the dimension; all intermediate cases are possible. Whatever the solution adopted, EFs
are obtained as the union of ExPs and ExVs for each flux tope for FP and thus we will
generally work in a given FT for FP, defined by a (full support if FP is consistent) sign
vector 1, and the EFs of FP which conform to 1 are thus given by the ExPs and ExVs of
this FT FP<,.

1.7.3. Elementary Modes

For a general polyhedron P (and even for a flux polyhedron FP), there is no direct
relationship between support-minimal Equation (19) vectors and elementary elements as
it was the case for flux cones FC. Nevertheless, from Equation (34), it follows that, for
any support-minimal nonzero vector in P (still called elementary mode EM), there is an
elementary element with the same support. Thus, Equation (20) generalizes to the case
of polyhedra and all minimal support patterns of vectors appear in the set of supports
of elementary elements and are actually the minimal nonempty elements in this set for
subset inclusion:

supp(EMs) = Minc ({supp(Es)}\{D}). (37)

In particular, for a metabolic network, this means that any set of reactions involved in
a minimal pathway (EFM) appears as the set of reactions involved in a certain elementary
flux (EF).

In addition, for a general polyhedron P, the correspondence (30) between P and the
higher dimensional flux cone FCp maps the elementary points (resp., elementary vectors) of
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P onto the elementary flux vectors, i.e., the elementary flux modes, of FCp with component
¢ = 1 (resp., with component ¢ = 0):

X
EPs(P) = {x € R" | [ 1| € EFMs(FCp)}
y (38)
X
EVs(P) = {xeR"| [0 | € EFMs(FCp)}
y

with FCp given by Equation (30). The same formula holds for the particular case of a flux
polyhedron FP (25) with FCrp given by Equation (31).

Moreover, as seen in the proof of Equation (22), any vector which is support-minimal
in a certain P<y, is actually support minimal in P, thus EMs of P can be computed tope by
tope:

EMs(P) = J EMs(P ). (39)

N maximal in sign(P)

See Figure 2 for an illustration of the concepts of extreme points and vectors, elemen-
tary points and vectors and elementary modes in a convex polyhedron.

Ay

Figure 2. We consider the convex polyhedron in gray and its associated recession cone delimited
by dashed lines. The extreme points are the vertices in blue and the extreme vectors are the blue
vectors. The elementary points are all the blue or red points, and the elementary vectors are all the
blue or red vectors, and they coincide, respectively, with the extreme points and extreme vectors for
all topes (here we have four topes, corresponding to the subpolyhedra in the four quadrants defined
by x and y). The elementary modes are the purple segment and half-line and they do not have a
direct relationship with elementary elements, but their two possible supports, {x} and {y}, are the
minimal nonempty supports of the elementary elements.

1.8. Complexity Results

Enumerating the vertices of an unbounded polyhedron has been proven to be an NP-
hard enumeration problem [20]. However, the hardness of vertex generation for bounded
polyhedra, and also the complexity of enumerating together vertices and extreme rays of
polyhedra, are open problems. Consequently, the complexity of enumerating all EFs or
EFMs of a metabolic network remains an open problem [21]. Nevertheless, enumerating
all extreme rays of a flux cone that contain a given reaction in their support has been
proven not to be in polynomial total time unless P = NP [21], which means that the output
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cannot be generated in time polynomial in the combined size of the input and the output.
The problem of enumerating the extreme vectors of a polyhedral cone or the vertices of a
polytope with a polynomial delay (i.e., the time between one output item and the next is
bounded by a polynomial function in terms of the input size), or the even weaker question
whether this enumeration can be done in polynomial total time, is an open problem too.
Therefore, the possibility of enumerating EFs or EFMs of a metabolic network with a
polynomial delay is an open problem [22] (except for a flux cone with all reactions being
reversible, i.e., a flux linear subspace (3), as the EFMs are then the circuits of a linear
matroid [16]). Given a flux cone and two reactions, deciding if there exists an extreme
ray of the cone that has both reactions in its support is NP-complete [21]. Thus, given a
metabolic network, deciding if an EF or EFM exists with a given support of size at least
two is an NP-complete problem. The same result holds for deciding if an EF or EFM exists
whose support size is bounded above by a given positive integer [22].

Regarding now the number of EFs or EFMs, counting the extreme rays of a polyhedral
cone or the vertices of a polytope has been proven to be a #P-complete problem [23].
Thus, counting the number of EFs or EFMs of a metabolic network is also a #P-complete
problem [22]. The McMullen’s upper bound theorem [24] states that, for any fixed positive
integers d and 1, the maximum number of j-faces of a d-polytope with n facets (i.e., faces of
dimension d — 1) is attained by the dual cyclic polytope c*(d,n) forallj =0,1,...,d —2. A
consequence is that the maximum number of vertices of a d-polytope with n facets is given

by n—[d/2] + (" l4/72] 1 ~2(" [4/2] . We thus obtain that the number of
n—d n—d n—d

EFs or EFMs in a metabolic network (after having split each reversible reaction into two

<L(?+m)/2j)

with 7 = 2r — r; (so 7 varies between r and 2r). If the number m of internal metabolites is
small compared to the total number 7 of reactions (after having split reversible reactions),
the number of EFs or EFMs is then bounded above by a quantity of order ©((7/2)™). If m
is close to 7, this number is bounded above by a quantity of order @ (77~")/2). The worst

irreversible ones) is bounded above by a quantity approximately equal to 2

case occurs when m is close to 7/3 with an upper bound approximately equal to 2 <2nT> .

We obtain the same results with r instead of 7 if we do not split reversible reactions but
fix their signs arbitrarily, i.e., if we consider EFs or EFMs in an arbitrary closed r-orthant
O, i.e., in an arbitrary flux tope for FC (or FP). However, note that in practice the actual
number of EFs or EFMs of a metabolic network is likely to be much smaller than these
upper bounds.

2. Metabolic Pathways in the Presence of Biological Constraints

Although the current improved implementations of the DD method [25,26] allow the
computation of millions, even billions, of EFMs or EFs, tackling genome-scale metabolic
models (GSMMs) is still beyond our reach. Moreover, most of the computed EFMs or EFs
are not biologically valid, because only stoichiometry and certain flux constraints, such
as irreversibility of reactions or bounds on reaction rates, are taken into account. For both
scaling up to large systems and limiting the number of biologically invalid solutions, it is
necessary to consider additional biological constraints, such as thermodynamic, kinetic or
regulatory constraints.

2.1. Biological Constraints
2.1.1. Thermodynamic Constraints

Assuming constant pressure and a closed system, according to the second law of
thermodynamics, a reaction i proceeds spontaneously only in the direction of its negative
Gibbs free energy A,G; [27], given by

S.

AG; = AGP + RT ln(H].M ) (40)
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where A, G/ is the standard Gibbs free energy of reaction 7, R the molar gas constant, T
the absolute temperature, M; the (positive) concentration of metabolite j and S;; is the
stoichiometric coefficient of metabolite j in reaction i (i.e., S € R("+7)*7 is the extension of
the stoichiometric matrix S to the 77 external metabolites). This means that A, G; < 0, (resp.,
AyG; > 0) is a necessary condition to get v; > 0 (resp., v; < 0), which can be expressed
by the constraint sign(v;) < —sign(A,G;), and that a flux vector v is thermodynamically
feasible [28] if and only if all its components v; satisfy such a constraint (it is enough
to consider those i € supp(v) as the constraint is trivially satisfied when v; = 0). The
thermodynamic constraint for v, that depends on the vector M of metabolite concentrations,
can thus be defined as

TCm(v) £ Vi € supp(v),sign(v;) = —sign(5,GP° + RTln(]’[ijsf")). 41)

As at equilibrium A, G; is null, we obtain A,G/° = —RT In(Kf, ), where K, = TT; MZ is

the equilibrium constant of reaction i. Thus, A,G; can be rewritten as A;G; = RT ln(HjM?j '/ Kéq)
and the thermodynamic constraint TCp(v) as

TCm(v) S vie supp(v),sign(v;) = —sign(H].M].Sﬁ - Kéq) (42)

Often, the concentrations of external metabolites can be measured and included in

the constraint as known parameters, keeping only a dependency of the constraint on the
. . . Si
concentrations of internal metabolites. The formula A,G; = RT ln(HjM]-/ /K¢y) can be
rewritten, by dividing the numerator and denominator of the fraction by the terms dealing
. i Si . . . —5, .

with external metabolites, as A,G; = RT ln(]—[]-Mj’ /Keq), where K, = K,/ H]-Mj’ is the
apparent equilibrium constant of the reaction i and M (resp., M) the vector of internal

(resp., external) metabolite concentrations. The thermodynamic constraint (42) can thus be
rewritten as

AN . . . S o
TCyp(v) = Vi€ supp(v),sign(v;) = —szgn(HjM].’ —Key)- (43)
For given metabolite concentrations vector M (resp., internal metabolite concentra-

tions vector M), let tspg € {—,0, 4} (resp., tsm) be the fixed thermodynamic sign vector
defined by:

(tsw); = —sign(A,GP + RTIn([T M) = —sign([T M — Kiy) s
(tsm); = —sign(Hijsﬁ —-Rl,) forl<i<r
Then, the thermodynamic constraint TCy (resp., TCyy) can be rewritten as
TCMm(V) 2 sign(v) <tsm  TCp(v) 2 sign(v) < tsm. (45)

Thus, the set Soltc,, (resp., Soltc,,) of vectors v satisfying the constraint TCy (V)
(resp., TCp(v)), given by {v € R" | sign(v) < tsm} (resp., {v € R | sign(v) < tsm}),
is the closed orthant Otsyy (resp., Ogsy,) defined by tsy (resp., tsm), of dimension 7 if
tsm (resp., tsm) has full support, i.e., (tsp); # O (resp., (tsm); # 0) for all i, of lesser
dimension otherwise.

Lemma 1. Given metabolite concentrations M (resp., internal metabolite concentrations M), the set
Solrc,, (resp., Soltc,,) of vectors in R” satisfying the thermodynamic constraint TCp (resp., TCpy)
is the set of vectors that conform to the thermodynamic sign vector tsyy (resp., tsy) Equation (44),
i.e., the closed orthant Ogs,, (resp., Oxs,,) defined by tsyr (resp., tsp).
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2.1.2. Kinetic Constraints

Metabolic reactions are catalyzed by enzymes. The catalytic mechanisms of key
enzymes have been investigated in great detail and described by mathematical formulas.
However, many kinetic equations are still unknown and have to be substituted by standard
rate laws such as mass-action kinetics, power laws, reversible Hill kinetics, lin-log kinetics,
convenience kinetics, generic rate equations or TKM rate laws [29]. What is important for
our study is that these modular rate laws share the general form
reg Ti

v; = Ex;(M) with «; = f, D+ D:Eg (46)
where E; is the (non-negative) level of the enzyme catalyzing the reaction i (given either
as an amount or as a concentration, in which case the rate law is pre-multiplied by the
compartment volume) and «; depends on the concentrations of the metabolites occurring
in i (reactants of /) and on reaction i stoichiometry, rate law considered, allosteric regulation
and parameters. In the general form of «;, T; is the thermodynamic numerator (which
can be written in the compact form k; 0" — k; 6, with turnover rate parameters k;°) that
gives its sign to x; (and thus to v;) and reflects the relationship between chemical potentials
and reaction directions and ensures that the rate vanishes at chemical equilibrium, fireg
and D.®, both positive, implement enzyme regulation (partial or complete for the first
one, specific for the second) and D; is the (positive) kinetic denominator, a polynomial of
scaled reactant concentrations whose terms correspond to different binding states of the
enzyme (reducing the enzyme amount available for catalysis), which depends on the rate
law considered.

The kinetic constraint for v depends both on the vector E of enzyme concentrations
and on the vector M of metabolite concentrations and can thus be defined as

KCem(v) 2 v=Eox(M) 47)

where o is the component-wise product of vectors: (E o x); = E;x;. This means that the flux
vector is a component-wise linear function of the vector of enzyme concentrations (and
a nonlinear function of the metabolite concentrations vector). For nonzero E;, the sign of
T; gives the direction in which reaction i proceeds, so in this sense the kinetic constraint
includes the thermodynamic constraint.

This can be highlighted on a widely-used rate law, the reversible Michaelis-Menten
kinetics [30]. In the simple case of a reaction i where the enzyme can only exist in one of
three distinct states: free, all substrates bound, or all products bound, it can be written as

+ My—S;i “TT.— . 1 M\Sji
o ki s, <o(M/KiE) ™ = ki Tljs 0 (M / Kj77) ™ )
i = s, 5

where ki and k; are the maximal forward and backward rates in reaction i per unit of
enzyme and the Kf}d ’s are the Michaelis constants. Equating the numerator to zero at

e .k S, j o
equilibrium, we obtain E]—[](KfyI )7l = Kq,. This gives

o KM= Sji M
H]|Sji<0(1\iI]/K1]) ' HJM]' (49)

K; = k+ _
M) =S;i = /wM\Sii i
1+ s, <o (MG /K™ 4 Tl 0 (M /K3 Ky

1

that s, the product of three terms: the positive capacity term per unit of enzyme, the positive
(smaller than one) fractional saturation term depending on M and the thermodynamic
term, which can be rewritten as 1 — e*Gi/RT and gives the sign of «; (and thus the sign of
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v;): k; > 0 < AG; <0, i.e., the thermodynamic constraint. Thus, sign(x(M)) = tsy and
we will assume that this equality holds for all kinetic laws we consider.

Note that, for given metabolite and enzyme concentrations M and E, the kinetic constraint
KCg,m defines completely and uniquely the only vector that satisfies it: Solkcy,, = {E o x(M)}.

2.1.3. Regulatory Constraints

Coupling metabolic networks with Boolean transcriptional regulatory networks allows
us to express the additional constraints imposed by gene regulatory information on a
metabolic network and to take them into account when computing EFMs [31-33]. In all
generality, such a constraint may be given by an arbitrary Boolean formula in terms of
the reactions 7, viewed as propositional symbols, i.e., the positive literal / meaning that
reaction i is active (nonzero flux) and the negative literal -~/ meaning it is inactive (zero
flux). Thus, when applying this Boolean constraint, noted B, to a flux vector v, the positive
literal i is interpreted as v; # 0, i.e., i € supp(v) (4), and the negative literal —i as v; = 0,
ie. i ¢ supp(v).

The regulatory constraint RCp,. for v induced by Bc can thus be defined as

RCpc(v) = Be(v;). (50)

Note that coupled reactions as used by Flux Coupling Analysis (FCA) [34-36] can be
easily represented by such constraints. For example, i directionally coupled to j, meaning
that zero flux through i implies zero flux through j, is expressed by Bc = i V —j, and i
partially coupled to j, meaning that zero flux through i is equivalent to zero flux through j,
is expressed by Bc = (i Aj) V (=i A —j).

By rewriting the Boolean constraint Bc in DNF (Disjunctive Normal Form), Bc = \/j D,
the set Solgc,, = {v € R" | RCp(v)} of vectors v satisfying the constraint RCp, is a union
of the solution spaces for each disjunct Dy (and this union can be assumed to be disjoint
by taking the disjuncts Dy two by two inconsistent). Now a disjunct is a conjunction of
literals, where a negative literal —i corresponds to the constraint v; = 0 and a positive
literal i to the constraint v; # 0, which can be rewritten as the disjunctive constraint
(vi <0)V (v; > 0). Finally, a propositional symbol i that does not appear in the disjunct
corresponds to an absence of constraint on v;, which can be rewritten as the disjunction
(vi < 0)V (vi =0)V(v; > 0). Thus, the solution space for a disjunct is itself the dis-
joint union of subspaces each one defined by constraints of type v; op; 0 for all i, with
op; € {<,=,>}, that is, defined by {v € R" | sign(v) = rs} for a given sign vector
rs € {—,0,+}", ie, an open orthant érs (which, for rs # 0, is topologically open in
the vector subspace it spans and is the interior in this subspace of the closed orthant
Ors = {v € R" | sign(v) < rs}, which is the closure of Oys in R"). In summary, Solgc,, is
thus the disjoint union of such open orthants. Now, instead of keeping this partition of
Solgc,, in open orthants, it can be more practical to generalize this concept and deal with
what we will call semi-open orthants O°, i.e., orthants O without some of their faces of
lesser dimension (open orthant is thus a particular case of semi-open orthant, without any
facet thus without any face of lesser dimension). To do this, we can group together with
any given open orthant érs]. in Solgc,,, in a same cluster C, all other open orthants Ors,
in Solgc,, such that Oy, C Ors]., i.e., Oy, is a face of Orsj, and, for any arbitrary orthant

Ors, With Oy, C Oy, C Ors]. (which is equivalent to rsy < rs; < rsj), then érs, € C. In this

case Ugce O is a semi-open orthant O°. We can iteratively process like this by consider-
ing each time the open orthants in Solgc, that have not yet been selected in any cluster,
which guarantees that the semi-open orthants built in this way are disjoint. In addition, by
choosing as open orthant, Oersj, to start with at each iteration, a maximal one among those
that remain, we are sure that no two of the semi-open orthants thus built can be grouped
together to constitute a bigger semi-open orthant, i.e., the collection obtained is minimal in
this sense. We finally obtain that Solrc, can be written as a disjoint union of semi-open
orthants, with no merging possible between any two of them. However, note that such a
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decomposition is not unique and that an inclusion can still exist between the closures of
two such semi-open orthants. If we consider the particular case of a Boolean constraint
which is an arbitrary disjunct D, then for any closed r-orthant Oy, i.e., for any full support
sign vector 1, Solrc;, <y is a semi-open orthant, which is the face of Oy, defined by v; = 0
for all i such that —i is a literal of D, without its facets of equation v; = 0 for all i such that i
is a literal of D.

Lemma 2. The set Solgc,, of vectors in R” satisfying the regulatory constraint RCp is a disjoint
union of open orthants O. These can be grouped together such that Solrcy, is a disjoint union of
semi-open orthants O°, i.e., orthants O without some of their faces, such that no two of them can be
grouped together to constitute a bigger semi-open orthant. If Bc is a conjunction of literals and ) an
arbitrary full support sign vector, then Solgc, <y is itself a semi-open orthant.

2.2. Characterizing the Solution Space

We start from a flux cone (6) (or more generally a flux polyhedron (25)) representing the
flux vectors of a metabolic network in a steady state, satisfying the stoichiometric equations,
the inequalities regarding irreversibility of reactions (and possibly some inhomogeneous
linear constraints). Then, we consider additional biological constraints, such as those
described in Section 2.1. In all generality, these constraints will be noted Cx(v), where
v represents a flux vector in R” and x a vector of biochemical quantities involved in
the constraint (typically, metabolite concentrations and enzyme concentrations). Some
parameters (such as stoichiometric coefficients), that are not made explicit in the notation
for sake of simplicity, are also present. In the following, the solution space in R” of an
arbitrary constraint C will be noted Solc, defined as Solc = {v € R" | C(v)}. For given
values of quantities x, the solution space is thus the constrained flux cone subset (not
necessarily a cone, depending on Cy):

Solgmc(x) 2 CFCe(x) £ {veR'|Sv=0,v; > 0forie Irr, Cx(v)}
= SOZS,Irr N SOZCX =FCnN SOZCX

(51)

or, more generally, the constrained flux polyhedron subset (not necessarily a polyhedron,
depending on Cy):
A
Solsice(x) = CFPc(x)

2 {veR" |Sv=0,v; >0fori € Irr,Gv > h,Cx(v)}
= Solg i 1c N Solc, = FPN Solc, = CFCc(x) N Prc.

(52)

Now, very often, most of the values of quantities x, if not all, are unknown. We then
only require consistency of the set of constraints Cy, i.e., the existence of values for variables
x such that the constraints are satisfied. This means that we replace the constraint Cx by the
constraint 3xCyx whose solution space is Solaxc, = {v € R" | {x | Cx(v)} # @} = UySolc,.
The solution space becomes

Solg e = CFCe 2 {vE R |Sv=0,v; > 0fori € Irr, Cy (v)} )
= SOZS,Irr N SOZHXCX = UXSOZS,Irr,C (X) =FCnN UXSOICx

or

Solg 1 1LC,C 2 CFPc 2 {veR" |Sv=0,v; >0fori € Irr, Gv > h,IxCx(v)}

(54)
= Solg 1 1Lc N Solaxe, = UXSOZS,Irr,ILC,C(X) =FPnN UXSOZCX = CFCc N Pric.
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If some but not all of the values of quantities x are known, 3x concerns only those x
whose value is unknown, the known values being integrated in C as parameters to simplify
the notations.

We will obtain examples of such constraints IxCx(v) from the cases of thermodynamic
constraint TC and kinetic constraint KC.

Depending on the constraint considered, the solution space is in general no longer
a cone or polyhedron and no longer convex. Nevertheless, the definitions of extreme
vectors and extreme points, of elementary flux vectors and elementary flux points, and
of elementary flux modes are still valid, as, respectively, non-decomposable and convex
non-decomposable vectors, conformally non-decomposable and convex-conformally non-
decomposable vectors, and support-minimal vectors, where decomposition and support
minimality have to be understood w.r.t. vectors of the solution space. It is then clear that if
a vector of FC (resp., FP) satisfies one of those properties in FC (resp., FP) and satisfies the
given constraint, then it satisfies the same property in the solution space, i.e.,

ExVs(FC) N Solg, C ExVs(CFCc(x)) ExVs(FC) N Solayc, € ExVs(CFCc
ExVs(Crp) N Solc, € ExVs(CFPc(x))  ExVs(Cpp) N Solgyc, € ExVs(CFPc
ExPs(FP) N Solc, € ExPs(CFPc(x)) ExPs(FP) N Solayc, € ExPs(CFPc
EFVs(FC) N Solc, € EFVs(CFCc(x)) EFVs(FC) N Solaxc, € EFVs(CFCc

(
(
(
(
EFVs(Crp) N Solc, € EFVs(CFPc(x))  EFVs(Cpp) N Solaye, C EFVs(CFPc
(
(
(

EFPs(FP) N Solc, € EFPs(CFPc(x)) EFPs(FP) N Solayc, C EFPs(CFPc
EFMs(FC) N Solc, € EFMs(CFCc(x)) EFMs(FC) N Solaxc, € EFMs(CFCc

)
)
)
)

(55)
)

)
)
EFMSs(FP) N Solc, € EFMs(CFPc(x)) EFMs(FP) N Solaye, € EFMs(CFPc)

For EFMs, the above formulas are valid whatever the structure of Solc. It is also the
case for ExPs and EFPs but, in practice, only really meaningful if CFPc(x) (resp., CFP¢) is
a convex polyhedron. Finally, for ExVs and EFVs, this is only meaningful if CFC¢(x) (resp.,
CFCc) is a convex polyhedral cone and CFPc(x) (resp., CFPc) is a convex polyhedron. This
is the case when Solc, (resp., Solg4c, ) is itself a convex polyhedral cone and we will see that,
for almost all common biological constraints, this solution space is actually a union of such
cones or of semi-open cones and thus the formulas will apply for each conical component.
In this case we have Ccrp. = CFCc N Cp, . = Cpp N Solc. This can be generalized when
Solc is a convex polyhedron, and thus CFCc and CFP¢ too, with Ccpc. = FC N Cgy. and
Ccrpe = Ccrce N Cpye = Crp N Csgy., by replacing Solc by Csgy. in the formulas above
regarding ExVs and EFVs.

However, in all the above cases, we generally do not have the reciprocal subset
inclusion. This is what we will study for particular constraints.

2.2.1. Application to Thermodynamics

Assume first that the concentrations of the metabolites (resp., of the internal metabo-
lites) are known and given. From Equations (51) and (52) and Lemma 1, we obtain

CFCrc(M) = FC<tsyy ~ CFCrc(M) = FC<tsy (56)

CFPrc(M) = FP<gsy, CFPrc(M) = FP<tsy- (57)

CFCrc(M), CFCrc(M) are thus flux cones and CFPrc(M), CFPrc(M) flux polyhe-
dra (possibly equal to {0} or empty (for polyhedra) if the flux directions imposed by the
concentrations of the metabolites and by the second law of thermodynamics are incompati-
ble with the steady-state assumption). When nonempty, they consist of a single flux tope.
From Equation (18), (36) and (39), it follows that

EFVs(CFCrc(M)) = EFVS(FC)<tsy, =

58
EFMs(CFCrc(M)) = EFMs(FC) <y, = ExVs(FCxtsy,) (°8)



Computation 2021, 9, 111

20 of 56

EFPs(CFPrc(M)) = EFPs(FP)<sy, = ExPs(FP<sy,)
EFVS(CFPTc(M)) = EFVS(CPP)gtsM = EXVS(CFPSBM) (59)
EFMs(CFPrc(M)) = EFMs(FP) <y,

and the same for CFCtc(M) and CFPrc(M). Now, considering the decomposition of FC
(resp., FP) into flux topes, we can proceed flux tope by flux tope for the computation of
the sets above. Starting from a FT FC<y (resp., FP<y), we have (FC<y)<tsyy = FC—,y
(resp., (FP<y)<tsyy = FP<,7) with n’ =inf(n, tsm) (where inf is defined component-wise
with inf(—,+) = 0) and the four sets above are equal to ExVs (FCyyr), ExPs (FP-,y),
ExVs (Cr p<n,) and EFMs (FP_,,s) respectively. This is in particular the case if we split each

reversible reaction into two irreversible ones as, in higher dimension, FC (resp., 1573) is
reduced to a single flux tope defined by n = 4, the all-positive sign vector, and thus 1’ is
obtained from tsy; by changing each — into 0. Note also that FC (resp., FP) consistent does
not imply that CFCtc (M) (resp., CFPrc(M)) is consistent (1 being full support does not
imply that n’ is full support).

Proposition 1. Given metabolite concentrations M, the space of flux vectors in FC (resp., FP)
satisfying the thermodynamic constraint TCpp is a flux cone (resp., a flux polyhedron), made
up of vectors of FC (resp., FP) which conform to the thermodynamic sign vector tspy given in
Equation (44). Its elementary flux vectors, identical to elementary flux modes, (resp., elementary
flux points, elementary flux vectors and elementary flux modes) are exactly those of FC (resp., FP)
that satisfy the constraint, i.e., that conform to tspy. The same result holds for internal metabolite
concentrations M and thermodynamic constraint TCyy with tsyy.

Let us now consider the more usual case where the concentrations of the metabolites (at
least those of internal metabolites) are unknown. From Equation (45), we obtain one or the other
form for the thermodynamic constraint (existentially quantified on metabolite concentrations):

1>

IM TCpm(v) 2 M sign(v) < tsm
A

TC(v)
A (60)

TC(v) = IMTCy(v) dM sign(v) < tsy.

Though the metabolite concentrations M; are unknown, some lower bounds M]T

and upper bounds M;r on these concentrations are often known. They are thus added as
additional constraints:

TC!(v) 2 IM (sign(v) < tsm A

A (61)

M <M<M
TC (v) = 3IM (sign(v) <tsy AM~™ <M <M™).

The solution space in R” of these constraints is thus Soltc = UpmSoltc,, (idem for TC)
and Solyb = UM‘ M- <M<M+S0lTCy, (idem for TCP). From the result of Lemma 1, it follows
that Soltc = UmOtsy and Solys = Unjm- <m<mr+ Otsyy (idem for TC and TC” with Ogsyy)-
This is obviously enough to take the union on the maximal tsy’s (resp., tsm’s) when M
varies. As these are at most 2, the union is finite.

Lemma 3. The set Solrc (resp., Solyw) of vectors in R satisfying the thermodynamic constraint

TC (resp., TC®) is a union of closed orthants. More precisely, it is the (finite) union for all M (resp.,
all bounded M) of the sets of vectors that conform to tspy, i.e., Ogs,,’s. The same result holds for TC
and LCb with M and Otsy-

It follows from Equations (53), (54), (56) and (57) that

CFCrc = UMPCStSM CFCrr = UM\M’§M§M+FC§EM (62)
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CFPrc = UMFPSSM CFPpc FP<tsy, (63)

- UM|M*§M§M+

and the same for TC and Eb with M and tsy, where all unions are finite.
From this and Equations (18), (36) and (39), we get

EFVs(CFCrc) = | EFVs(FCztsy) = [y EFVS(FC)<tsy =

(64)
EFMs(CFCrc) = |y EFMs(FCxsy) = |J EFMs(FC)<tsyy = |y EXVS(FCsisy)

EFPs(CFPrc) = |J EFPs(FP<isy) = Uy EFPs(FP)<tsy = |y EXPS(FP<tsy)
EFVs(CFPrc) = | EFVS(Crroy,, ) = UGEFVS(Crp)<tsm = Uy EXVS(Crr.y,,) (65)
EFMs(CFPrc) = |J,,EFMs(FP<tsy) = | EFMs(FP)<tsy

and the analog for TC?, TC and TC. Now, considering the decomposition of FC (resp.,
FP) into flux topes, we can proceed flux tope by flux tope for the computation of the sets
above. Starting from a FT FC<y, (resp., FP<y), we have Up(FC<n)<tsyy = U;FC_, i (resp.,
Um(FP<q)<tsy = UiFP_, i) where {n'} are the maximal sign vectors in {inf(n, tsp) | M €

]R:(Wrm)} and the four sets above are equal to [J;ExVs (FC_, i), U;ExPs (FP_,.;), U;ExVs
(Cpp< ;) and ;EFMs (FP_ ni)’ respectively. This is in particular the case if we split each
=1 -

reversible reaction into two irreversible ones as, in higher dimension, FC (resp., 1573) is
reduced to a single flux tope defined by n = 4-. The analog holds for TC!, TC and TC".

Proposition 2. The space of flux vectors in FC (resp., FP) satisfying the thermodynamic constraint
TC, or TCY, is a finite union of flux cones (resp., flux polyhedra), obtained as those vectors of FC
(resp., FP) which conform to tspy, for a certain M, or bounded M. It is thus no longer convex but
made up of particular faces FC_ i (resp., FP_, ;) of each flux tope FC<y for FC (resp., FP<y for
FP), withn' < n. Its elementary flux vectors, identical to elementary flux modes, (resp., elementary
flux points, elementary flux vectors and elementary flux modes) are exactly those of FC (resp., FP)
that satisfy the constraint, i.e., that conform to a certain tsyy, and coincide thus with the extreme
vectors (resp., the extreme points, extreme vectors and elementary modes) of the FC_,i’s (resp.,

FPSni ’s). The same result holds for TC, or LCb, with M and tsyy.

We will now refine this result in order to characterize the faces involved. Consider
the case of a flux cone where the concentrations of external metabolites are given and
assume first there are no bounds on the concentrations of the internal metabolites [37]. As
CFECrc = FCNUmOtsy, and CFPrc = FP NUpnOtsy,, let us begin by studying [y Otsy, - We
have x € UpOrsy < IM € R (sign(x) < tsm) < IM € RY" Vi, 1 < i < r, (sign(x;) <
—si gn(HjM].S/ g Kéq)) from Equation (44). By applying the monotonic logarithm function
and noting LM € R™ the vector whose components are given by LM; = In(M;), we obtain
x € UuOssy © LM € R"™ Vi, 1 < i < r,(sign(x;) < —sign(L;S;LM; — In(K},))) &
JLM € R™ Vi € supp(x) (sign(x;)L;S;iLM; < sign(xi)ln(Kéq)). We will now make use of
Gale’s theorem (or Kuhn-Fourier theorem), which is a form of Farkas’ duality lemma (for
two vectors x, y, x < y means x; < y; for all i):

Gale’s theorem (a form of Farkas’ lemma). For any A € RP*7 and b € RP, exactly one
of the following statements holds:

(a) thereexists y € RY such that Ay < b;
(b)  there exists z € RP\{0} such that z > 0,z"A = 0 and z"b < 0.
Applying this theorem in the formula above to A € R“PP(X)*" (where we note

RsuPP() 2 R Nijx,—0{zi = 0} the subspace of vectors having a null component outside

the support of x), given by A;; = sign(x;)S;;,and b € RsuPP(), given by b; = sign(xi)ln(Kéq),

jir
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provides x € UmOtsy < Vz € Re“PPOON\{0}(z > 0,V),1 < j < m, Y.iSjisign(x;)z; = 0 =
Zisign(xi)ziln(ﬁéq) > 0) < vz € R'\{0}(sign(z) < sign(x),Sz = 0 = z'InKeq > 0)
where InKeq € R is defined by: (InKeq); = In(K},).

We thus obtain CFCrc = {v € FC | Vz € FC\{0}(sign(z) < sign(v) = z'InKeq >
0)}. This can be rewritten as CFCrc = {v € FC | FCqyign(v)\{0} C Hl—;f(eq}, where

&

+ 2 {z € R" | z'InKeq > 0} is an open half-space with the hyperplane Haneq =

aneq

{z € R" | z'InKeq = 0} as a frontier. Considering the decomposition of FC into FTs

FC<y, this is equivalent to CFCrc <y = {V € FC<y | FCqyign(v)\{0} C H;K } foralln’s
IC< < < e

maximal sign vectors in sign(FC). Now, note that, in this formula, FC;,,(y is the minimal
face (for set inclusion) of FC<y, containing v. We finally obtain finally:

CFCrc<n = UiFCSni for all maximal n* < 1 s.t. FC_,i\{0} C H;Keq. (66)

That is to say, CFCrc is the union of all the maximal faces FC_, i of the FTs for FC
such that FC_, ;\{0} C HIJ; .. or, equivalently, the union of all maximal faces F; of the
< eq

FC N O’s for all r-orthants O such that F;\{0} C HlJ; Keq (see Figure 3).

H

Figure 3. Structure of the solution space in the presence of the thermodynamic constraint (without
bounds on the metabolite concentrations). We consider a given flux tope and represent the section of
the flux cone with an affine hyperplane (polytope shaded in pink). Vertices e! to 3 thus represent the
EFMs. When we add the thermodynamic constraint, the solution space is the union of all the maximal
faces of the flux cone that are entirely contained in the open half-space {z € R” | z'InKeq > 0} (left
side of frontier H in the section), represented in red. In particular, the thermodynamically feasible
EFMs are given by the vertices e! to e that belong to this half-space. The set of these EFMs is
decomposed into LTCSs, made up of the EFMs of the maximal faces above (in the 2D shape, these
LTCSs are thus given by {{e!,e?}, {2, e}, {e3,e*}, {e* e} }).

A topological consequence of this characterization is that CFCrc\ {0} is a connected
set (actually arc-connected). Another consequence, regarding EFMs (or, equivalently,
EFVs), is:

EFMs(CFCyc) = EFMs(FC) N Solyc = EFMs(FC) N Hl—;r(eq (67)
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i.e., the elementary flux modes in the (non-convex) cone of those flux vectors in FC satisfy-
ing the thermodynamic constraint TC are exactly those elementary flux modes in FC that
satisfy TC, i.e., that belong to the open half-space H;’ ~ . We can equivalently write

nKeq

EFMs(CFCrc) = EFMs(FClg )\Hing,,

. (68)
with FCI‘;Keq 2 {veR" |Sv=0,v; >0foric Irr, lenKeq >0}

where F C;:\ Keq is the polyhedral cone obtained from FC merely by adding the homogeneous

linear inequality v/ InKeq > 0 [38]. Each flux vector of CFCrc is a conformal conical sum
of these EFMs, but the converse is false as CFCrc is not convex. Thus the set of EFMs,
considered globally, does not characterize the solution space CFCyc. More precisely,
we have

CFCrc <y = Uicone@(Ei) with E; = EFMs(FC_, ;) (69)

where FC_, i is as in Equation (66), i.e., CFCrc is characterized by the decomposition of
the set of EFMs into the (non-disjoint) subsets E;. Now, the E;’s are exactly the maximal
subsets of EFMs included in a given flux tope for FC (i.e., in a given r-orthant O) and
whose conical hull is included in CFCyc, i.e., all vectors in this hull must satisfy the
constraint TC: E; maximal such that E; C EFMs (CFCy¢) and E; C O with O r-orthant
and coneg (E;) € CFCrc. Such an E; is called a largest thermodynamically consistent set
(LTCS) of EFMs [39] in O (or, equivalently, in the flux tope FC<;; = FC N O defined by O).

We could want to estimate the ratio of thermodynamically feasible EFMs on all
EFMs, i.e., the ratio of EFMs (CFCrtc) on EFMs (FC). If all reactions are reversible (r; =
0), then the function v +— —v maps the EFMs on one side of hyperplane Haneq onto
the EFMs on the other side. Thus, if we neglect the EFMs that might belong to this
hyperplane, it means that 50% of the EFMs are thermodynamically feasible (and thus
only 50% eliminated). Now, intuitively, irreversible reactions given in Irr come from an
expert knowledge that can be seen as a form of compiled thermodynamic knowledge,
as we saw that it is thermodynamics which imposes the direction in which a reaction
may proceed. Therefore, we can assume, provided the adequacy of the model for some
given environment (such as the concentrations of external metabolites, supposed here to be
known), that any thermodynamically feasible EFM satisfies these irreversibility constraints.
Under this assumption, the irreversibility constraints rule out only thermodynamically
unfeasible EFMs so if we then apply the thermodynamic constraint TC we only eliminate
at most than 50% of the remaining EFMs (from 50% when all reactions are reversible to
0% when all are irreversible, without splitting any reversible reaction into two irreversible
ones).

If inhomogeneous linear constraints are added, we have CFPr¢c = CFCrc N Pirc,
with Pipc = {v € R" | Gv > h} Equation (25) and we obtain in the same way, for all n’s
maximal sign vectors in sign(FC)

CFPrc <y = Uingni for all maximal 0’ < 1 s.t. FC_.i\{0} € H;Keq. (70)

That is to say, CF Prc is the union of all the FPSni = chn" N Py c such that FCSni is
a maximal face of a FT for FC verifying FC_ T]1-\{0} - H; Keg 07 equivalently, the union

of the F; N Py ¢ for all maximal faces F; of the FC N O’s for all r-orthants O such that
F\{0} C HIJ; %..- Take care because the FP__i’s involved are faces of FP<y included in
eq =

H Ko {0}, but not any face of FP<y, included in H;" Ko {0} is included in CFPrc (as

such a face may be defined by inhomogeneous equality constraints coming from ILC and
not only by nullity constraints of the form v; = 0). CFPrc is no longer a connected set
in general.

We can sum up these results as follows.
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Proposition 3. The space of flux vectors in FC satisfying the thermodynamic constraint TC is
a finite union of flux cones, obtained as all the maximal faces of all the flux topes FC<y, that are
entirely contained (except the null vector) in the open half-space H ={z]z aneq > 0}. The

thermodynamically feasible EFMs are thus those EFMs which belong to this half-space and can be
simply computed as the EFMs of the flux cone obtained from FC by adding to it the homogeneous
linear inequality vTInKeq > 0 (and removing those EFMs that would belong to the frontier
hyperplane of H,® + Koy ). The set of these EFMs can be decomposed into (non-disjoint) maximal

subsets of EFMs belongmg to a same flux tope (i.e., a same r-orthant) and whose conical hull is
made up of thermodynamically feasible vectors, each of these subsets thus representing the set of
EFMs of one of the maximal faces above. At most 50% of the EFMs can thus be ruled out as
thermodynamically infeasible, if we assume that no thermodynamically feasible flux vector violates
given irreversibility constraints. In the presence of additional inhomogeneous linear constraints on
flux vectors given by Gv > h, the space of flux vectors in FP satisfying TC is a finite union of flux
polyhedra, obtained as intersections of the flux cones above with the polyhedron defined by Gv > h.
All these results hold for constraint TC by just replacing the K 's by the Kf;q s.

This applies in particular to FC and FP (after r splitting each reversible reaction into
two irreversible ones) with the simplification, as F FC (resp., F FP) is reduced to a single flux
tope defined by 1 = +, that we must just consider the maximal faces of FC that are entirely
contained (except the null vector) in the open half-space H; Key'

Consider now the case where certain bounds on the concentrations of internal metabo-
lites are known, i.e., the case of the thermodynamic constraint Eb. We have CF CTCb =
FCn UMIM* <M<M+ Otsy- From what precedes, we obtain x € UM\M’ SMSM*O“’M &

JIM € R™(Vi € supp(x) (sign(x;) L;S;iLM; < sign(xi)ln(Kéq)) ALM < In(M*) A

A
—LM < —In(M"™)). Applying Gale’s theorem in this formula to | 1, | € R(supp(x)+2m)xm
—1,
b
with Aj; = sign(x;)S;;, and ( InM+ ) € RowP(+2m with b; = sign(x;) ln(Kéq), pro-
—InM™

Nl IN N

vides x € UM\M‘§M§M+OtSM & V( ) € R*+2M(z £ 0,z > 0,Z > 0,sign(z) < sign(x),

Sz+z-zZ=0= (szTzT)lnIA(zc1 0) where anzq € R’ is defined by anzq =

aneq Keq A z
InM* =In| M" |. Let FC' = {|z| € R*2" | (S, —1,) =0,
In(1/M™) /M~ z

z
z; > 0fori € Irr,z > 0,Z >0} = {[w+ (Sz)~ | € R™+*?" | z; > Ofori € Irr,w > 0},
w+ (Sz)™

where (Sz);r = max((Sz);,0) and (Sz)]f = max(—(Sz);,0). FCY is a flux cone in R"+2"
of dimension r 4 m and FC? N (R’ x {0}) = FC. We thus obtain CFCyov = {v € FC |
V(2T27Z")T € FCP (z # 0, sign(z) < sign(v) = (zT;TZT)anZq > 0)}. This is equivalent
tor CFCpeo ., = {v € FCop | ¥(272"2")T € FC? (z € Oig )\ {0} = ( szTzT)lnf(’;q >

0)} = {v € FC<yy | V2 € R'(z € Ogig(v)\{0} = (27(Sz )*T(SZ)”)mKeq > 0)} for
all flux topes FC<y, for FC. This can be rewritten as CFCTCZ7 = {v e FCsy | FC'N

V
N

NI IN

(Osign(v) \10} x R2m) C H+f<b 1}, where we note H+f<b {Z € R+2m | ZTlnIA<zq > 0}

eq

the open half-space with hyperplane H ., = {Z € R+2m | ZTlnIA(Zq = 0} as a frontier.
eq
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We have HT | , MR = HIJr and H .» NR" = H z . Now, note that, in the formula
nKeq Keq aneq €q

above, FC' N (Osign(v) X R2™) is a face of the cone F an 4 (we note n+ the sign vector of
dimension r + 2m obtained by concatenation of n of dimension r and + of dimension 2m,
thus FClén_F = FC? N (Oy, x R2™)) whose intersection with R” x {0} is equal to FCosign(v)s
the minimal face of the tope FC<; containing v. Actually, among all the faces of F C’;n 4
whose intersection with R” x {0} is equal to FC ;e (v), this is the maximal one (without
any constraint on the R%rm factor). Thus, finally,

CFC

TCh <y = UjFCSnf for all maximal n/ < 1 s.t. F]-b\({O} x R2™) C H;qu, (71)

where F]-b is the maximal face of F C%n + whose intersection with R” x {0} is equal to FC_ it
Note that any FC_, ; given by Equation (71) is a face of a certain FC_,; given by
Equation (66) (i.e., Vn/3n’ n/ < nf). CFC\{0} is no longer a connected set in general. A

consequence, for EFMs (or, equivalently,fFVs), is:

EFMs(CFCyei ) = EFMs(FC<y) N Solycs

= {v € EFMs(FC<y) | F\({0} xR*") CH' _, }, 7

where F! is the maximal face of FCQn_l_ s.t. F2 N (R" x {0}) = R.v. This means that the
elementary flux modes in the (non-convex) cone of those flux vectors in FC<y, satisfying
the thermodynamic constraint TC are exactly those elementary flux modes v in FC<4, (or

in CFCtc <y) that satisfy TC TC?, i.e., such that the maximal face of F C n+ whose intersection
with R” x {0} is equal to the ray R v is included in H; U ({0} x R?™). Note that EFMs

(CFC

tcv) is thus given by

{ve EFMs(FC) |Vz € R’

(sign(z) < sign(v), (zT(Sz)’T(Sz)JFT)lnIA(zq <0=z=0)} 72)

Each flux vector of CF CTC,, is a conformal conical sum of these EFMs, but the converse
is false as CFC ve

tcb is not convex. More precisely, we have

CFCreb o U coneg (Ej) with E; = EFMs(FC_, ;) (74)
where FC </ is as in Equation (71), i.e., CF CTC” is characterized by the decomposition of
the set of EFMS into the (non-disjoint) subsets E;. Now, the E;’s are exactly the maximal
subsets of EFMs included in a given flux tope for FC (e, 1n a given r-orthant O) and

whose conical hull is included in CFCTCb’ i.e., all vectors in this hull must satisfy the

constraint TC?: E; maximal such that E; C EFMs (CFCy) and E; € O with O r-orthant
and coneg (E;) € CFCp. Such an E; is called a largest thermodynamically consistent
(for bounded concentrations of internal metabolites) set (LTCbS) of EFMs [39] in O (or,
equivalently, in the flux tope FC<y; = FC N O defined by O) and is included in a certain
LTCS E; as in Equation (69).
If inhomogeneous linear constraints ILC are added, we have, for all n’s maximal sign
vectors in sign(FC):
CFPrei o, =U .Ppgnj (75)

with 0/ as in Equation (71). That is to say, CFP. rcb 18 the union of all the FP_ ni = FCoyi N
Pric such that FC <ni is given as in Equation (71).
We can sum up these results as follows.
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Proposition 4. For FC a flux cone in R", let us define its lift to R"+2" as the flux cone FCt =
{Ze R xRZ") | (SLy—In)Z=10,Z; > 0fori € Irr,1 <i < r}. Thus, FC’N (R" x {0}) =
FC. For any flux tope FC<y, for FC and any face FC' of FC<y,, its lift to R™2™ is defined as the
maximal face of F C’in _ whose intersection with R” x {0} is equal to FC'. The space of flux vectors
in FC satisfying the thermodynamic constraint TC® is a finite union of flux cones, obtained as all
the maximal faces of all the flux topes FC<y, whose lifts to R"2™ are entirely contained (except
vectors from {0} x R?™) in the open half-space H;K” ={Z e R"2m | ZTlnksq > 0}, where
eq

lnkﬁq = In(Keg M™ 1/M~)T. The thermodynamically feasible EFMs in FC<y, are those EFMs
in FC<y, whose lifts (as rays) are contained (except vectors from {0} x R?™) in this half-space. The
set of these EFMs can be decomposed into (non-disjoint) maximal subsets of EF Ms belonging to
a same flux tope (i.e., a same r-orthant) and whose conical hull is made up of thermodynamically
feasible vectors, each of these subsets representing thus the set of EFMs of one of the maximal faces
above. In the presence of additional inhomogeneous linear constraints on flux vectors given by
Gu > h, the space of flux vectors in FP satisfying TC' is a finite union of flux polyhedra, obtained
as intersections of the flux cones above with the polyhedron defined by Gv > h.

2.2.2. Application to Kinetics

In the same way, we obtain for the kinetic constraint in the absence of knowledge
regarding values of concentrations of enzymes and metabolites:

KC(v) 2 3E,MKCpm(v) 2 3E,Mv = Eox(M). (76)

Once more we can add optional lower and upper bounds M and M;r on metabolite

concentrations and/or lower and upper bounds E;” and E;" on enzyme concentrations if
they are known, and also a global enzymatic resource constraint, which is often considered,
as ¢'E < W, where c is a constant positive vector of size r and W a positive constant:

KC'(v) 2 JEM(v=Eox(M)AcTE<XWAE <E<E"AM" <M<M"). (77)

We can also consider intermediate constraints, existentially quantified only on metabo-
lite concentrations if enzyme concentrations are known:

KCg(v) £ 3M KCgm(v) (78)

possibly with bounds on metabolite concentrations in the quantification:

KCi(v) £ 3M (KCpm(v) AM~ <M < M*) (79)

or only on enzyme concentrations if metabolite concentrations are known:

KCm(v) = JEKCgm(v) (80)

possibly with enzymatic resource constraint and bounds on enzyme concentrations in
the quantification:

KCY(v) 2 3E (KCpm(v) AcTE< WAE™ < E < EY). (81)

The solution space in R" of the constraint KCyw is Solkcy, = UgS0lkcgy = L,IEGRr+ {Eo
k(M)} = {v e R" |sign(v) <sign(k(M))} = {v e R" | sign(v) < tsm} = Soltc,,, as the
sign of (M) is the thermodynamic sign vector tsy. It is thus the same as the solution space
of the thermodynamic constraint TCp and is the closed orthant Os,,. It follows that the
solution space of the constraint KC, given by Solxc = UmSolkcy, = UmSoltcy, = Soltc, is
the same as the solution space of the thermodynamic constraint TC and is the finite union of
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the closed orthants Otsy,. Similarly, Soli . = Sol; if the bounds are only on the metabolite
concentrations, i.e., there are no bounds on enzyme concentrations. From Sol

KC}
Uk <E<E*acTE<w1E © (M)}, it follows that the flux vectors in Solycs, are defined b}lj[the
linear inequalities: x;(M)E;” < v; < ;(M)E;" for those i’s such that x;(M) > 0, x;(M)E;" <
v; < x;(M)E; for those i’s such that x;(M) < 0, v; = 0 for those i’s such that x;(M) = 0
and Y, (m)£0 ciki(M) v, < W — Yilx;(M)=0 GE; . Thus SOZKCIbVI is a convex polyhedron
(a parallelepiped contained in the closed orthant Ogs,,, truncated by a hyperplane). Now,
if E- = 0, i.e,, in the absence of positive lower bounds on enzyme concentrations, this
polyhedron has 0 as a vertex and is nothing else than Solkc,,, i.e., the closed orthant
Otsy, truncated as a parallelepiped by the faces given by v; = «;(M)E;" for those i’s
such that x;(M) # 0 and by the hyperplane Y ;. m)+0 ¢ix;(M)~lv; = W. Consequently,
Solycr = UMSOZKCZ{VI is equal to a certain truncation of Solgxc = Soltc, defined as the finite
union of truncations of the closed orthants Ogs,, (each Ot becoming a parallelepiped, after
being truncated by hyperplanes according to equations v; = sup(x;(M))E; if ts; = +
(resp., v; = inf(x;(M))E; if ts; = —), where sup (resp., inf) applies to those M such that
sign(x(M)) = ts, which gives a polyhedron, but also, in the presence of an enzymatic
resource constraint, by an algebraic, nonlinear, surface, which gives in this case a local
solution space in Oy that is no longer a polyhedron and is not necessarily convex).

Proposition 5. Given metabolite concentrations M, the kinetic constraint KCpy is identical to
the thermodynamic constraint TCyy and thus the set Solkc,, of vectors in R” satisfying KCpy is
the closed orthant defined by the thermodynamic sign vector tspy. The kinetic constraint KC is
identical to the thermodynamic constraint TC and thus the set Solkc of vectors in R" satisfying
KC is a union of closed orthants. In the presence of bounds only on metabolite concentrations
(and not on enzyme concentrations), the kinetic constraint KC? is identical to the thermodynamic
constraint TC” and thus the set Soly v of vectors in R satisfying KC? is a union of closed
orthants. Therefore, these kinetic constraints boil down to thermodynamic constraints and the
results regarding the geometrical structure of the corresponding spaces of flux vectors and the
characterization of elementary flux vectors (or elementary flux modes) given by Propositions

1—4 apply: in particular, CFCgc(M) = CFCrc(M) is a flux cone and CFCkgc = CFCrc and
CFCyv = CFCp are finite unions of flux cones. For a given M and in the presence of bounds
on enzyme concentrations, the set of vectors in R satisfying KChy is a convex polyhedron and
CFCycv(M) is thus a flux polyhedron. In the particular case where positive lower bounds on
enzyme concentrations are absent, CFCy (M) is just the parallelepiped obtained by truncating
the flux cone CFCgc(M) = CFCyc(M) by hyperplanes originating from the upper bounds on
enzyme concentrations and by a hyperplane originating from the enzymatic resource constraint and
coincides thus with the said flux cone in a certain adequate neighborhood of 0, i.e., for sufficiently
small values of the fluxes. In this case, CFCy is thus a truncation (by an algebraic surface) of
CFCrc and coincides with this union of flux cones in a certain adequate neighborhood of 0 and the
characterization of elementary flux vectors remains valid in this neighborhood. These results extend
in the presence of additional inhomogeneous linear constraints on flux vectors given by Gv > h by
intersecting the solution spaces above with the polyhedron defined by Gv > h, giving rise to flux
polyhedra (results in a neighborhood of 0 holding only if h < 0).

However, the geometric structure of Solkc,, of SolKCzl75 and of Soly - in the presence

of positive lower bounds on enzyme concentrations, depends on the kinetic function x(M)
and CFCxc(E), CFCy+(E) and CFCy are generally neither polyhedra nor convex.
Proposition 5 has important consequences on constrained enzyme allocation problems
in kinetic metabolic networks. Considering a kinetic metabolic network, with possible
bounds on metabolite concentrations, but not on enzyme concentrations, i.e., with solution
space CFCkc = CFCrc, or CFCy» = CFCp, which is a finite union, for M varying,
of the flux cones FC<ys,,, the generic enzyme allocation problem consists in maximizing
the specific flux (or specific rate, i.e., rate expressed per unit of biomass amount) of a
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given reaction, say k, defined as vi/ ET, where v is a flux vector in CFCkc or CF Cxcb and
Et denotes the total protein content in the system. E7 is expressed in all generality as a
fixed weighted sum of the enzyme concentrations, Er = }_i_; w;E; (the w;’s being given
positive weights that denote the fraction of the resource used per unit of enzyme), able
to encode different enzymatic constraints (such as limited cellular or membrane surface
space) as well as other constraints regarding the abundance of certain enzymes. Likewise,
the steady-state flux component v; > 0 may stand for diverse metabolic processes, ranging
from the synthesis rate of a particular product within a specific pathway to the rate of
overall cellular growth. The formation rate of a metabolic product expressed per gram
of biomass and the specific growth rate of a cell are both examples of such specific rates.
We look for maximization in the solution space by varying the metabolite concentrations
(inside their bounds, if any) and the enzyme concentrations (without bounds), which gives
rise to a complex non-convex optimization problem. Now, maximizing v, / Et is equivalent
to fixing the rate vy to a positive value, e.g., to 1, and minimizing the ET needed to attain
this level of vi. This means minimizing the function }_;_; (w;/x;(M))v; by varying M (with
possible bounds) and, for each given M, the flux vector vin FPyf = FC<ysy, N {V | vx = 1}
(without bounds on v as we assume there are no bounds on enzyme concentrations).
If all FPy's are empty, the problem is unsolvable, i.e., vy > 0 is incompatible with the
kinetics. Otherwise, i.e., when the problem is solvable, we consider successively each
nonempty FPy. Such an FPy is a flux polyhedron whose elementary flux points (which
are equal to the extreme points or vertices) correspond to the intersections of the hyperplane
{v | vx = 1} with extreme rays (edges) of FC<tsy,, i-e., EFMs of CFCkc or CFCy s, and
whose elementary vectors (equal to extreme vectors), if any, correspond to the extreme
rays of FC<tsy,, N {V | vy = 0}. As, for M fixed, the function to minimize is linear in v, its
minimum on FPy; is reached on a lower-dimensional face of FPy (as v;/x;(M) > 0, w; > 0
and FPy is included in a closed orthant, this face is necessarily a convex hull of certain
extreme points of FPy even if it is not a polytope, i.e., no extreme vector may occur as one of
the generators of this face), and thus reached in particular at at least one extreme point, i.e.,
at an EFM. Now, as the total number of EFMs is finite, so is the number of those for which
the minimum of the function occurs for any given M, considering all nonempty FPy's.
Therefore, when M varies in its domain, we obtain the result that the maximum of the
specific flux v/ Er occurs (at least) at an EFM of CFCkc or CFCy . In the case of CFCy
and assuming the x;(M)’s are continuous, this maximum is attained at an EFM at finite
metabolite concentrations as M then varies in the compact set [ [; [Mj_, M]Jr] In the case of
CFCkc, the maximum might not be attained at finite metabolite concentrations. This is the
result already obtained in [40,41] and we followed a similar proof, but relying this time on a
precise characterization of the solution space CFCkc or CFCy» and of the EFMs given by
the Proposition 5, which was not the case in the above-quoted works. Finally, the enzyme
allocation problem can theoretically be solved by computing all the thermodynamically
feasible EFMs having k in their support (i.e., satisfying the Boolean constraint Bc = k, see
next subsection), say {el } (all components of which are fixed by efc = 1), and, for each one,
by computing the minimum (if it exists) of Y, (el) (wiel) /x;(M) for M varying in its
domain, such that sign(x;(M)) = sign(el) for all i € supp(e’), which is a much simpler
optimization problem than the initial one. The global minimum, if it exists, is then the
smallest of these local minima, for all e’s. We then obtain the maximum value of the
specific flux vi/ ET, an EFM where this maximum occurs and the values of the metabolite
concentrations for which it occurs.

Proposition 6. Given a kinetic metabolic network with possible bounds on metabolite concen-
trations, but not on enzyme concentrations, i.e., with solution space CFCgc or CF CKCh’ if the
enzyme allocation problem, which consists in maximizing the specific flux (rate per unit of biomass
amount) in a given reaction k, i.e., vy /Et, where v is a flux vector in CFCgc or CFCch and

Er = Y[ 1 w;E; is the total protein content in the system (the w;’s being fixed positive weights),
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has an optimal solution (which is always the case for CFCy . if the problem is solvable), then this
solution is reached in particular at an EFM of CFCxc or CFCyb.

2.2.3. Application to Regulatory Constraints

From Lemma 2, we obtain that CFCrc,, (resp., CFPgc,,) is the disjoint union of
FCNO’s (resp., FP N é’s), for certain open orthants O and, after merging, the disjoint
union of FC N O°’s (resp., FP N O°’s), for certain semi-open orthants O° (orthants without
some of their faces), without any further merging possible.

We will call open polyhedral cone (resp., open polyhedron) in dimension > 0 an
r-polyhedral cone C (resp., r-polyhedron P) without its facets, and we will note it C (resp.,
P) as it coincides with the topological interior of C (resp., P) in the affine span of C (resp.,
P). Reciprocally, C (resp., P) is the topological closure of C (resp., P) in R”. C (resp.,
P) is defined as in Equation (7) (resp., in Equation (26)) but with strict inequalities (and
equalities for defining its affine space). We will in particular consider open faces of a cone
C or polyhedron P as F for F a face of C or P. C (resp., P) is the disjoint union of its open
faces (by convention, a face of dimension 0, i.e., a vertex, is equal to its open face).

It follows from these definitions that, for any closed r-orthant O and any open orthant
O’ € O, FCN O (resp., FP N ') is an open face of FC N O (resp., a disjoint union of open
faces of FP N O, as we have to keep faces corresponding to Gv = h). In all, we obtain that
CFCrcy, NO (resp., CFPrc,, N O) is a disjoint union of open faces of the flux cone FC N O
(resp., the flux polyhedron FP N O) or, equivalently, that, for any flux tope FC<y, for FC
(resp., FP<y, for FP), CFCrc,, <n (resp., CFPrc,, <q) is a disjoint union of open faces of
FC«y (resp., FP<y). As we grouped together open orthants into semi-open orthants in
Lemma 2, we can also group together with such an open face F all those other open faces
F’ in question where F’ is a face of F to obtain thus a (minimal) disjoint union of semi-open
polyhedral cones (resp., semi-open polyhedra). Here, we call semi-open polyhedral cone
C° (resp., semi-open polyhedron P°) a polyhedral cone C (resp., polyhedron P) without
certain (between zero and all) of its faces of lesser dimension, that can be thus expressed as
a disjoint union of certain (between all and only C, resp., P) of the open faces of C (resp.,
P). We have: cccecce (resp., pPcCpeC P).

Proposition 7. Given an arbitrary Boolean constraint Bc, the solution space CFCgrc,, (resp.,
CFPgrc,,) for the regulatory constraint RCp, is a finite disjoint union of open polyhedral cones
(resp., open polyhedra), which are certain open faces of all the flux topes FC<y, (resp., FP<y).
Grouping together certain of these open faces according to Lemma 2, we obtain a disjoint union
of semi-open (i.e., without certain of their faces of lesser dimension) faces of the FC<y's (resp.,
FP<y’s), without any possible further merging of two of them to make up a bigger semi-open face.

Note that the rules presented in the proof of Lemma 2 to group together open faces into
semi-open faces are applied globally to all flux topes. If we choose to apply them separately
for each flux tope, then the union of semi-open faces obtained is no longer disjoint in
general as two such semi-open faces for two different flux topes may have a nonempty
intersection (as CFCgrc,, N O (resp., CFPrc,, N O) and CFCrc,, N O’ (resp., CFPrc, NO’),
for two different closed r-orthants O and O’ may have open faces in common). Note also
that, even after this merging, there may exist a strict inclusion relationship between the
closures of two semi-open faces.

From this geometrical structure of the solution space, we will now deduce what its
EFMs and its EFVs (or EFPs) are. Let us begin with a preliminary remark. We know that,
by definition of EFVs, we have, for a flux cone FC, EFVs (FC) = Uy maximal in sign(Fc) EFVs
(FC<y) (and idem for a flux polyhedron FP with EFPs and EFVs), which remains true
for any constrained flux cone subset CFC¢ (or constrained flux polyhedron subset CFP¢)
whatever the biological constraint C is. We saw that this equality was also satisfied by EFMs
for FC: EFMSs (FC) = Uy maximal in sign(Fc) EFMSs (FC<y ) (and idem for FP) and remained
true for CFCc for C any thermodynamic constraint or any kinetic constraint of the form
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KCp, KC or KC? (in the absence of bounds on enzyme concentrations), thus allowing in
these cases to decompose the identification of EFMs flux tope by flux tope, as for EFVs.
However this is no longer true for regulatory constraints. Actually, counter-examples can
be found in the presence of reversible reactions, used in a given direction in an EFM local to
a certain flux tope and in the other direction in an EFM local to another flux tope, choosing
the Boolean constraint such that it imposes a strict set inclusion between the supports of
these two local EFMs.

Example 1. Consider the simple network comprising one reaction R : A — B, where A and B
are the two internal metabolites, and four transfer reactions T1 : - A, T2 : — B, T3 : A —,
T4 : B —, and assume that R and T1 are reversible (we will note par rev() the reversed reaction), the
three other reactions being irreversible (see Figure 4). It is obvious that el = (1,1,0,0, 1)T, made
up of T1,R, T4, e* = (—1,—1,1,0,0), made up of T2, rev(R), rev(T1), and e = (0,0,1,0,1)7,
made up of T2, T4, are EEMs of FC. Consider now the Boolean constraint Bc = T1 A T4. Then,
e is an EFM of CFCgc,,, belonging to CECRey, <(+,4,4,++)T- Moreover, any e = Aed + et

with A > 0is an EFM of CFCre, < (- — 4 1 41 (Obviously, the sub-pathways 3 and e* of e do

not belong to CFCrc,. ). As supp(e') = {R,T1, T4} and supp(e) = {R, T1, T2, T4}, we have
supp(e') C supp(e) and thus e is not an EFM of CFCrc,, -

T1 72
v R v
A<«—B
T3 T4
v v Bc=TIANT4
T2
Tl rew(T1) T2 2 rev(T1)
R rev(R) M revR) v
A—B A+—B B A<—B
T4 T4 T4
el et e 4 Ae3 +et

Figure 4. Simple network of Example 1 with R and T1 reversible. el e? e® are EFMs. When we add
the regulatory constraint T1 A T4, el is still an EFM, which is not the case of any positive combination
of e and e*, which has a larger support. Nevertheless, the latter is an EFM in the flux tope defined
by reverse fluxes in R and T1.

Now, from a biological point of view, it is not relevant to compare supports of two
pathways with a certain reaction in a given direction in the first support and in the other
direction in the second support (case of R and T1 in the example). This means that the useful
concept concerning minimality is not support-minimality, but sign-minimality (exactly in
the same way as, concerning decomposition, we saw that the useful concept is not non-
decomposability but conform non-decomposability), which is equivalent to comparing
supports separately for each closed r-orthant, i.e., for each flux tope. We will thus identify
the EFMs flux tope by flux tope (note that this is analog to distinguishing a positive
flux from a negative flux in a regulatory constraint, e.g., distinguishing the constraints
T1" A T4 and T1~ A T4 in the example above, which could be done by adopting a tri-
valued logic instead of a Boolean logic to represent these constraints; this is obviously done
automatically when splitting each reversible reaction into two irreversible ones, where only
the positive r-orthant has to be considered).



Computation 2021, 9, 111

31 of 56

Therefore, we will consider in the following an arbitrary closed r-orthant O given by a
full support sign vector n (with n; = + for i € Irr) and consider the part of the solution
space limited to this orthant, i.e., CFCgc,_ <y (resp., CFPgrc,, <), thus we can limit our-
selves to sign vectors 1 that are maximal in sign(CFCrc,, ) (resp., sign(CFPrc,, )). We saw
that we could rewrite the Boolean constraint as a disjunction of two by two exclusive dis-
juncts, Bc = /i Dy, decomposing thus the solution space CFCgc,,_ < (tresp., CFPrcy. <n)
into the disjoint solution spaces for each disjunct, CF CRCDk <y (resp., CF PRCDk <n)- The
elementary flux vectors (i.e., faces of dimension one) of FC<,, that satisfy the constraint
RCp, are obviously elementary flux vectors of CF CRCDk <y and the reciprocal is also true:
if a flux vector of the semi-open polyhedral cone CF CRCDk <y is not an elementary flux
vector of FC<y,, i.e., is not a face of dimension one, then it belongs to the interior of a face
of CF Crep, <n of dimension at least two and is thus conformally decomposable in this
face, i.e., is not elementary in CF CRCDk <q- It follows that the elementary flux vectors of
CFCrcy, <n are made up of all the elementary flux vectors of the CF CRCDk <n’s. We can
sum up the results regarding EFVs as:

For Bc = \/, Dy, EFVs(CFCrey,) = J EFVs(CFCrcy, <n) &)

n maximal in sign(CFCrcy,.)

= Un UkEFVs(CFCRCDk <n) = Un UkEFVs(Fan) N SochDk.

This means that EFVs can be computed flux tope by flux tope and constraint-disjunct
by constraint-disjunct. Moreover, the result holds also for EFPs (by considering vertices of
FP<m) and EFVs of CFPrcy, -

However, for EFMs, we have to take care that a phenomenon similar to that described
in the example above still arises and that, even in a given flux tope, an EFM of CF CRCDk <n

is not necessarily an EFM of CFCrc,, <n-

Example 2. Consider the network comprising three irreversible reactions and one internal metabo-
lite A:R1: — A, R2: — A, R3: A —, and the Boolean constraint Bc = - R1V R2, decomposed
as Bc = D1V Dy, with Dy = —R1 and Dy = R1 A\ R2 (see Figure 5). Take n = +. Then,
el = (0,1, 1)T, made up of R2, R3, which is the only EFM of CF CRCDl <v, s also the only EFM
of CFCrcy, <n. However any e = (A,1,1+ A)T with A > 0, made up of R1, R2, R3, is an EFM
of CF CRCD2§n and is not an EFM of CFCRc,_ <. Note that the way the constraint is decomposed
matters. With the decomposition Bc = D} V D} with D] = R2 and D} = —~R1 A =R2, the result
for D} is identical to that for Dy, but CFCRCDé <n = {0}.

Bc=-RIv R2=DIvD2withDI =-RI,D2=RI AR2

RI R2 R2 RI R2
> A< A< > A <

R3 R3 R3
el e?

Figure 5. Simple network of Example 2. When we add the regulatory constraint =R1V R2, e! is the

2

only EFM, and also the only one for the disjunct D1 = —R1 of the constraint, but no e~ combination

is an EFM, while it is an EFM for the disjunct D2 = R1 A R2.

This means that, if it is natural to study each CF CRCDk <y (resp., CF PRCDk <n) sepa-
rately in order to characterize the solution space and if EFVs are obtained in this way by
collecting all the local EFVs, it is not the case for EFMs and, after collecting all local EFMs,
we must only keep those with minimal support:

EFMs(CFCrey, <n) = Minsuyp-c {EFMs(CFCrey, <n)},- (83)
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Proposition 8. Given an arbitrary requlatory constraint RCp, with Bc = \/; Dy, where the
disjuncts Dy are taken two by two inconsistent, and the associated constrained flux cone subset
CFCRrcy, (resp., constrained flux polyhedron subset CFPrc,_), its EFVs (resp., EFPs and EFVs)
are obtained by collecting these for each flux tope (i.e., in each r-orthant O<y,) and for each disjunct,
i.e., for each CFCRCDk <q (resp., CFPRCDk <n), and are nothing else than the EFVs (resp., EFPs
and EFVs) of FC (resp., FP) satisfying the constraint RCp,. This is not the case for EFMs. First, an
EFM of CFCRrcy, <n is not necessarily an EFM of CFCRc,, , but actually the biologically relevant
minimality concept being sign-minimality and not support-minimality, we will consider EFMs
for each flux tope CFCrcy, <y Second, an EFM of CFCRCDk <y is not necessarily an EFM of
CFCrcy, <n- EFMs of CFCgrc,, < are actually obtained by collecting EFMs of CPCRCDk <q for

all k and keeping only those with minimal support.

This being said, we will now focus on an arbitrary disjunct D of the form A;c;v; A
Njey ~vjwith I, ] € {1,...,r},IN] = @. Thus, CFCrcy, <y (tesp., CFPrc;, <n) is the semi-
open face F° of FC<y, (resp., FP<y)), obtained from the face F defined by {v; = 0,j € J}
(ie, F = FC<yq N Njej{v; = 0}, idem with FP) by removing its facets {v; = 0} for

all i € I. Let's note EFMs R°p £ EFMs (FC<y) N Solgc,, those EFMs of FC<;, that

satisfy the constraint RCp and EFMs grc,, = EFMs (CFCgc,, <y ) the EFMs of the part
of the solution space in Oy. Obviously, EFMs R0 C EFMs gc,. If I = @, F° = F and
EFMs RCo — EFMs RCp, 50 we will consider the case I # @. In this case, and contrary to
what happens for thermodynamic and kinetic (as described in Proposition 5) constraints,
there is generally no longer identity between EFMs RCp and EFMs RCp, [42].

Example 3. Consider the network of Example 1 (thus D = T1AT4) and let n = 4 and
e?> = (0,1,0,1,0)7 be the EFM of FC<y, made up of T1 and T3. Then, for any A > 0, e* + Ae®,
positive conformal combination of the two EFMs e? and €3 of FC<y,, has support {T1, T2, T3, T4}
and belongs to EFMSRCD\EFMSRCD (see Figure 6).

TI T2
v R M D=TIANT4
T3 T4
v v
TI T2 T T2
v v v v
A B A B
T3 T4 T3 T4
e? v e’ v v v e2 + \e3

Figure 6. Simple network of Example 3. e? and e> are EFMs. When we add the regulatory constraint
T1 A T4, any positive combination of e? and e® is now an EFM, that is not obtained as an original
EFM satisfying the constraint.

EFMs R€p correspond to the faces of dimension one (edges or extreme rays), if any, of
the semi-open face F°, i.e., the edges of the face F that have not been removed, which means
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that they are not included in any hyperplane of equation v; = 0, for a certain i € I, or
equivalently that their supports contain I. Now, consider a face F’ of F, of dimension at least
two, such that 2l C F° but no facet of F/ has its interior included in F° (i.e., any facet of F/
is included in an hyperplane of equation v; = 0, for a certain i € I), if any. Note that several
such F/ may exist, but none can be included in another one, i.e., they are not comparable
for inclusion in the lattice of the faces of F. Then, all vectors of E’ have the same minimal
support, i.e., F/ C EFMs Rrep, \ EFMs RE0_Tf {eF} ik (with |K| > 2) are representatives of the

extreme vectors of F/, we have F' = coneg ({et}) (which is actually the same as cone({e})

as we are in orthant O<,)) and thus F/ = {@cxBre’ | Br > 0} 2 cone;({e*}) and the

common minimal support of all vectors of F’ is supp(F') = Ugek supp(e¥). Conversely,
if v.€ EFMs gc,,, let F' be the minimal face of F containing v. If F/ has dimension one
(extreme ray), then F/\{0} C F° and v € EFMs RCp. If I/ has dimension at least two, then
no facet of F/ has its interior included in F°, because if it were the case for one facet, then
any vector of its interior would have its support strictly included in the support of v, which
would contradict the minimality of the latter. Finally, v € F/ C F° and all vectors of F’ have
the same support as v and belong to EFMs ¢, \ EFMs R¢p. We have thus characterized
both EFMs R¢p and EFMs rCp \ EFMs RCh . Wwe stipulate now, for the latter one, the
decomposition of its vectors into e¥ € EFMs (F)\ EFMs R€p, in order to compute their
supports, which is generally the only useful information (the precise decomposition into
fluxes not often being very relevant). Therefore, we consider a face F’ of F, of dimension
at least two, such that jal C F° but no facet of F/ has its interior included in F° and
{e"}1<x<n a minimal set of vectors in EEMs (F') such that supp(F') = Ui<k<n supp(eX).
Note that, for any k, supp(e*) NI # @ (and, as we have seen, I  supp(e)), because if
for a certain ko we had supp(efo) NI = @, then eko would belong to all hyperplanes of
equation v; = 0 for i € I, thus to all facets of F ! which is impossible for a non-null vector.
Let us note S; = supp(e!) NI and, forany k,2 < k < N, Sy = (supp(e’) N 1)\ Ui<j<k-15;-
Then, for any k, Sy # @, because if for a certain ky we had Sk, = @, then the vectors of
conet ({e*} k+k,) would verify the constraint RCp and have their supports included in
sup p(F '), thus equal to it as it is minimal for vectors in CFCrc,, <n, Which would contradict
the minimality of {e"}. Finally, as by construction I = Uj<4<y Sx and Sy N S; = @ for
k # j, we obtain that {S;};<t<n constitutes a partition of I and {e*}; <<y is a set of
vectors in EFMs (F') C EFMs (F)\ EFMs R€0 such that supp(eX) D Si by construction
and supp(et) 2 S; for any j # k, otherwise, by the same reasoning as above, e/ could
be suppressed from the set {e}, contradicting its minimality. Finally, we obtain that the
support of any vector in EFMs gc,,\ EFMs R0 can be written as ;<< supp(e*), where
{e*}1<k<n, N > 2, are vectors in EFMs (F) verifying supp(e) O Sy and supp(e*) 2 S; for
all k and j # k, where {Sy }1<x<n is a partition of I (note that we have the same result for
EFMs RCp by taking N = 1). Now, a given U; <<y supp(eX) is not necessarily minimal
among the whole collection when we vary N, {eF} and {S;}. It is also possible that it
strictly contains the support of a vector in EFMs RCp. Therefore, to obtain exactly the
supports of vectors in EFMs rc,, \ EFMs R€P, we must only keep the minimal elements for
inclusion w.r.t. the whole collection extended by supp(EFMs R¢p),

Example 4. Let us continue with the network of Examples 1 and 3,s0 D = T1 A T4 and n = +.
We have EFMs(F) = {e!,e? €3} and EFMsRCp = {e'} (see Figure 4). The only partition of
{T1, T4} with a size > 2 is given by: Sy = {T1} and Sy = {T4}. The only vector in EFMs(F)
whose support contains Sy and not Sy is e? and the only one whose support contains Sy and
not Sy is 3. Thus, supp(EFMsgc, \EFMsR¢P) = {supp(e?) Usupp(e®)} = {{T1,T3} U
{T2,T4}} = {{T1,T2,T3,T4}}. Actually, we have from Example 3: EF Msgc, \EFMsR‘> =
{e? + Aed | A > 0} (see Figure 6).

Consider now the following network comprising two internal metabolites and seven irreversible
reactions, six of which are transfer reactions, R: A — B, T1:— A, T2: B —,T3:— A, T4: B —,
T5: A —, T6 :— B (see Figure 7). Let D = TIAT2 and n = +. Lete! = (1,1, 1,0,0,0,0)T
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made up of T1,R, T2, ¢ = (1,0,0,1,1,0,0)T made up of T3, R, T4, €3 = (1,1,0,0,1,0,0)T made
upof T, R, T4, ¢* = (1,0,1,1,0,0,0)T made up of T3, R, T2, &> = (0,1,0,0,0,1,0)” made up of
T1,T5, ¢ = (0,0,0,1,0,1,0)T made up of T3, T5, ¢’ = (0,0,1,0,0,0,1) made up of T6 T2 and

= (0,0,0,0,1,0,1)T made up of T6, T4. We have EFMs(F) = {e!,e?,¢3,¢* ¢ ¢%, ¢, €8}
and EFMsRCp = {e'}. The only partition of {T1, T2} with a size > 2 is given by S; = {T1}
and Sy = {T2}. The vectors in EFMs(F) whose support contains Sy and not Sy are €3 and > and
those whose support contains S, and not Sy are e* and e’. We have supp(e3) U supp(e4) =
{R,T1,T2,T3,T4}, supp(e®) Usupp(e ) = {R T1,T2,T4,T6}, supp(e®) Usupp(et) =
{R,T1,T2,T3,T5} and supp(e®) Usupp(e’) = {T1,T2,T5,T6}. Each one of the four sup-
ports obtained is minimal in this collection, but the first three contain supp(e') = {R, T1,T2}.
Thus, supp(EFMsgc, \EFMsR¢p) = {{T1,T2,T5, T6}}. Actually, EFMsgc, \EFMsRcp =
{e®+Ae” | A > 0}.

A
TI T2
T3 | R T4 T 2
> A B T3 R T4
R > A > B >
A— B
TS5 76 o &
A
T1 T3
— A
Tl T2 A
R T4 T3 R 75
A———>B— —_— A —p 75
e3 et e5 es
2 T4 Tl 2
B ——
B T 2 A B
T6 D=TIAT2
T6 A—R L5 TS5 6
e’ e8 el e5 + \e? |

Figure 7. Second network of Example 4. e! to e® are all the EFMs. When we add the regulatory
constraint T1 A T2, only e! remains an EFM, with support {T1, T2, R}, but new EFMs appear, made
up of any positive combination of e> and e’, all with the same support {T1, T2, T5, T6}.

Finally, consider another network comprising three internal metabolites and seven irreversible
reactions, five of which are transfer reactions, R1 : B - A, R2: C —- A, T1 :— B+C,
T2: A —,T3: A—,T4:— B, T5:— C. Let D = R1 AR2 AN T2 and n = + (see Figure 8).
Let ¢! = (1,1,1,2,0,0,0)T made up of T1,R1,R2,T2, * = (1,1,1,0,2,0,0)" made up of
T1,R1,R2,T3, ¢ = (1,0,0,1,0,1,0)" made up of T4,R1,T2, e* = (1,0,0,0,1,1,0) made
up of T4,R1, T3, e = (0,1,0,1,0,0, 1) made up ofT5 R2, T2 and ¢ = (0,1,0,0,1,0, 1)
made up of T5, R2, T3. We have EFMs(F) = {e', € €%, ¢*,€°,e°} and EFMsRC0 = {el}. There
are four partitions of {R1, R2, T2} with a size > 2. The partition {{R1},{R2}, {T2}} gives
nothing because there is no vector in EF Ms(F) whose support contains {T2} but neither {R1}
nor {R2}. For the partition S = {Rl, T2} and S, = {R2}, the vector in EFMs(F) whose
support contains Sy and not S is e3 and those whose support contains S, and not Sy are e, e
and €°, providing supp(e )Usupp ) = {Rl R2,T1,T2,T3,T4}, supp(e®) Usupp(e®) =
{R1,R2,T2,T4,T5} and supp(e®) Usupp(e®) = {R1,R2,T2,T3,T4,T5}. For the partition
S1 = {R2,T2} and S; = {R1}, the vector in EFMs(F) whose support contains Sy and not Sy
is e and those whose support contains Sy and not Sy are €2, €3 and e*, providing supp(e®) U
supp(e?) = {R1,R2,T1,T2,T3,T5}, supp(e’) Usupp(e’) = {R1,R2,T2, T4, T5} and
supp(e’) Usupp(e*) = {R1,R2, T2, T3, T4, T5}. For thepartition Sy = {R1,R2} and Sy = {T2},
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the vector in EFMs(F) whose support contains Sy and not Sy is e* and those whose support con-
tains Sy and not Sy are e® and e, providing supp(e?) Usupp(e®) = {R1,R2,T1,T2, T3, T4}
and supp(e®) Usupp(e®) = {R1,R2, T1, T2, T3, T5}. The minimal elements of this collection of
supports are {R1,R2, T1, T2, T3, T4}, {R1,R2, T1,T2, T3, T5} and {R1, R2, T2, T4, T5}. Min-
imizing also w.r.t. supp(e') = {R1,R2,T1, T2} gives thus supp(EFMsgc,\ EFMsRcp) =
{{R1,R2,T2,T4,T5}}. Actually, EFMsgc, \EFMsR‘P = {e3 + Ae’ | A > 0}.

72 / \? T2 T3
e2

el

T4 RI T4 Rl R2 s

—B——A —B—— A Ae—— C—

Tz'/ \? 12
e3 et e’

T
D=RIANR2AT2

\? 72 / 72 /
eo el e3 + e’

Figure 8. Third network of Example 4. e! to e® are all the EFMs. When we add the regulatory con-
straint R1 A R2 A T2, only e! remains an EFM, with support {T1, R1, R2, T2}, but new EFMs appear,
made up of any positive combination of e® and e, all with the same support {T4, T5, R1, R2, T2}.

We have thus proved the following result.

Proposition 9. Given a Boolean constraint D as a conjunction of literals \icjvi A \jej —0;
and an arbitrary closed r-orthant O<y, let CFCrc, <v be the constrained flux cone subset for
the regulatory constraint RCp in O<y,. Let F be the face of the flux cone FC<, defined as
FC<qy NNjej{v; = 0}, then CFCrcp, <y is the semi-open flux cone F° obtained from F by

removing its facets {v; = 0} for all i € I. Let EFMsRCD 2 EFMs(FC<y) N Solgc,, be

the EFMs of FC<y, that satisfy RCp and EF Msgc,, = EFMs(CFCgc,, <n) be the EFMs of
CFCgrcp, <n- We get EFMsRCp C EFMsgc,, but, unlike the case of thermodynamic and kinetic
(as in Proposition 5) constraints, there is generally no longer identity between EFMsRCp and
EFMsgc,,. EFMsRED correspond to the extreme rays (faces of dimension one) of F°, i.e., the edges
of F whose support contains I. EFMSRCD \EFMSsRCD are the vectors of the F'’s for all F’ faces of F
of dimension at least two, such that F' C F° (i.e., F' is not included in any hyperplane {v; = 0}
with i € 1) but no facet of F' has its interior included in F° (i.e., any facet of F' is included in a
certain hyperplane {v; = 0} with i € 1). The supports of those vectors in EF Msgc, \EFMsR¢p
are obtained as Uy <j<n supp( k), where {€}1<y<n, N > 2, are vectors in EFMs(F) verifying
supp(ek) D Sy and supp(e*) 2 S; j forall k and j # k, where { Sy }1<k<n is a partition of I (they
are actually the minimal elements, for subset inclusion and including the supports of EF MsR¢p
when checking minimality, obtained like this, for any partition {Sy} of I, of size at least two, and
any choice of {e*} as above).
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This characterization of EFMs for flux cones in the presence of regulatory constraints
does not hold as simply for flux polyhedra, because the added inhomogeneous linear
constraints ILC, given by Gv > h, may not respect the structure of CFCgc,_ at all and may
cut the interior of flux cones; we already mentioned that there is no direct relationship
between EFMs and extreme or elementary fluxes for a flux polyhedron. Nevertheless, the
ideas developed above for flux cones can be applied to flux polyhedra FP<;, where certain
of their faces have to be removed due to the constraint D because they are included in
certain hyperplanes {v; = 0}, in order to determine EFMs ¢, \ EFMs R>. Moreover,
in practice, ILC is generally only used to bound (below and/or above) fluxes, in which
case each extreme ray R e of FC<y, is still partly present in FP<,, as for example an
edge [a~,at]e, defined by the two vertices e and ate. The results above can then
be transposed by using convex-conformal decomposition into vertices and conformal
decomposition into elementary vectors to characterize EFMs g, \ EFMs R¢p.

We are now interested in looking for vectors in the solution space that are (in some
sense) non-decomposable while not being support-minimal, and in characterizing them, if
any. We could think of EFVs (or EFPs) but, from the study above regarding EFMs, we note
that, for a flux cone constrained by the regulatory constraint D, the vectors in EFMs g¢,,\
EFMs RCp are necessarily conformally decomposable, as they can be described as the
interiors of polyhedral cones in O<;, of dimension at least two (for example, e? + e® in
Example 3 can be decomposed as (0.7e2 4 0.3e%) + (0.3e? + 0.7e3)). More straightforwardly,
we can notice that EFMs R€D is equal to EFVs (CFCgcp, <y ), i-€., precisely the conformally
non-decomposable vectors. As already pointed out, what matters more than the precise
decomposition into fluxes is the decomposition of the supports (in the decomposition
above of e? + €3, the supports of the components are unchanged, i.e., equal to supp(e?) U
supp(e®) = {T1,T2,T3,T4}). It follows that a relevant concept for a solution vector is not
to be conformally non-decomposable but, less strictly, to be (conformally) support-wise
non-decomposable, in the sense that the vector cannot be conformally decomposed into
two vectors of different (necessarily not greater) supports. Now, for all faces F’ of F of
dimension at least two such that F/ C F°, not covered by Proposition 9, i.e., owning at
least one facet F” with interior included in F°, it so happens that all vectors of F/ are
actually support-wise decomposable, as each such vector can always be decomposed into
a vector of F/ of same support and into a vector of F of smaller support. Therefore,
in the decomposition, we do not authorize the same support for one of the component
vectors. Thus the really relevant (less strict) concept is that the vector cannot be conformally
decomposed into two vectors of smaller supports and we call a nonzero vector x of a convex
polyhedral cone C as (conformally) support-wise non-strictly-decomposable, if

1

x = x' @ x%, with nonzero x!,x* € C, implies

(84)
supp(x') = supp(x) or supp(x*) = supp(x).

The (conformally) support-wise non-strictly-decomposable vectors in C (resp., flux
vectors in a flux cone FC) will be noted swNSDVs (resp., swNSDFVs). Note that we
could have defined support-wise non-strictly decomposability more generally without
imposing a conformal decomposition, but, as already pointed out, this is not relevant for
biological fluxes and we will only use this concept in a certain tope. It is obvious that, in
such a tope (resp., flux tope), EMs, ExVs = EVs C swNSDVs (resp., ExVs = EFVs = EFMs =
swNSDFVs, so that all four definitions coincide). We will introduce a similar definition
with a convex combination for a polyhedron P (the previous definition and the associated
relationships above being valid for its recession cone Cp). A vector x of a polyhedron P is
called support-wise convex(-conformally) non-strictly-decomposable, if

x = Ax! @ (1- A)xz, withx!,x* € P, 0< A <1, implies

(85)
supp(x') = supp(x) or supp(x*) = supp(x).
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The support-wise convex(-conformally) non-strictly-decomposable vectors in P (resp.,
flux vectors in a flux polyhedron FP) will be called support-wise non-strictly-decomposable
points (resp., support-wise non-strictly-decomposable flux points) and noted swNSDPs
(resp., swNSDFPs). It is obvious that, in any given tope (resp., flux tope), EMs, ExPs = EPs
C swNSDPs (resp., EFMs, ExPs = EFPs C swNSDFPs).

With the notations of Proposition 9, let swNSDFVs RCp 2 swNSDFVs (FC<q) N

Solgc,, and swNSDFVs rc,, 2 swNSDFVs (CFCrcp <n)- We have thus EFMs R =
swNSDFVs RCp C EFMs rRCp € SWNSDFVs gc,, but, unlike the case of thermodynamic and
kinetic (as in Proposition 5) constraints for flux cones, not only there is no longer identity
between swNSDFVs RCp and swNSDFVs gc », (consequence of the non-identity between
EFMs RCp and EFMs gc,), but we will now see that there is generally no longer identity
between EFMs gc,, and swNSDFVs g¢,,.

Example 5. Continuing with the network of Example 3, e' + e € swNSDF Vsre, \EFMsgc,,-
More precisely, we have (by considering only a representative for each ray) EFMsRCp =
swNSDFVsRCp = {el} C EFMsgc, = EFMsRC U {e? + Ae® | A > 0} C swNSDFVsgc,
= EFMsgc, U {e' + Ae* | A > 0} U {e! + Ae3 | A > 0} (see Figure 9).

T1 2 I - -
Y R Y R v v
_— A—B A B
T3 T4 T4 T3 T4
v v el e2 v e3 v
Tl 12 T1 Tl 12
y v v ‘
D=TIAT4 A B —R . N —R ¥
T3 T4 T3 T4 T4
\ 4 v \4 v
€2 + he3 el + he2 el + ke

Figure 9. Simple network of Examples 3 and 5. The EFMs are e!, e2, e>. When we add the regulatory
constraint T1 A T4, only e! remains an EFM, with support {Tl, R, T4}, but new EFMs appear, made
up of any positive combination of e? and €3, all with the same support {T1, T2, T3, T4}. Moreover,
new swNSDFVs also appear, which are not EFMs: any positive combination of el and e?, all with the
same support {T1, R, T3, T4}, and any positive combination of e! and e3, all with the same support
{T1,R, T2, T4}.

Therefore, we extend the results of Proposition 9 by refining the structure in F of
sWNSDFVs gc,,. Let {€"},,cm be representatives of the extreme vectors of F, thus F =
coneg, ({€™ }em). We get the following structure for F° regarding EFMs and swNSDFVs,
given in the form of an algorithm.

o LetR={meM|e"e€F°}={meM|Viele# 0}. Then EFMs RCp =
{e"} ner- Note that R can vary from @ to M, thus EFMs RC> from @ to EFMs (F). If
R = M, then EFMs R¢0 = EFMs g¢,, = swNSDFVs g¢,, = EFMs (F) and the analysis
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is done (if n has been chosen maximal in sign(CFCgc,,), this case corresponds to
I = ©). We consider the case R C M here below.

Let us consider successively all faces F' of F of dimension at least two, such that
F’ C F°,ie., F is not included in any hyperplane {v; = 0} with i € I (the lattice
of faces of F can be explored for example in a way such that a sub-face is visited
before a super-face; once such an F " has been found, all faces of F containing it are
also suitable). Let {ek} rek, with K C M, be representatives of the extreme vectors
of F'. Thus, F/ = cone; ({e"}rex) and I C Uyek supp(eX). For each of these F/, three
exclusive cases can now be distinguished.

If no facet of F’ has its interior included in F°, i.e., any facet of F’ is included in a
certain hyperplane {v; = 0} with i € I (a necessary but insufficient condition is
K C M\R), then F’ C EFMs rCp \ EFMs RC0 and Uy supp(ef) is a minimal support
for vectors in F°.

If exactly one facet of F’ has its interior included in F°, i.e., it is the only facet not
included in any hyperplane {v; = 0} withi € I, then I’ C swNSDFVs gc,\ EFMs rc,)
and Uyeg supp(e¥) is a non-strictly-decomposable non-minimal support for vectors in
F° (non-strictly-decomposable support means that any vector which is a conical sum of
the e*’s having this support is support-wise non-strictly-decomposable, independently
of the choice of the non-negative coefficients fixing the contribution of each e in the
distribution of the fluxes). This result follows immediately from the facts that one
facet is not enough to decompose a certain vector in F/ strictly in terms of supports
and that the support of the vectors in the interior of the facet in question is strictly
included in the support of the vectors in F.

If at least two facets of F’ have their interior included in F°, i.e., these facets are
not included in any hyperplane {v; = 0} with i € I, then let {e'},c;, with L C K,
be representatives of the extreme vectors of all these facets (note that we have then
necessarily KN R C L, ie., K\L C K\R). Thus, the strict conical sum of the interiors of
these facets, which is equal to coneZ;({e'};c1 ), is not empty in F’ (as there are at least
two such facets) and is made up of the support-wise strictly-decomposable vectors
of F/ (by construction): coneZ;({e'};c;) = F/\ swNSDFVs gc,,. Two subcases must
therefore be distinguished.

If L = K, i.e., the strict conical sum of the interiors of these facets is equal to F , then
F’ C F°\ swNSDFVs rRcp and Uyek su pp(eX) is a strictly-decomposable support for
vectors in F° (which means that any vector which is a conical sum of the e*’s having
this support is support-wise strictly-decomposable, independently of the choice of
the non-negative coefficients fixing the contribution of each e in the distribution of
the fluxes).

If L C K, then F/ is split into two nonempty subsets: conel;({e'}cr) C F°\
swNSDFVs gc,, and jal \coneag({el }er) € swNSDFV gc,\ EFMs g, (note that
ﬁ’\coneg ({e'}1c1) is made up of the vectors of cone ! ({€f}1cx) the conical decom-
position of which on the e’s requires at least one e* with k € K\ L). This means that
part of the vectors of E’ are support-wise non-strictly-decomposable and part are
support-wise strictly-decomposable, while having the same non-minimal support
Urkek supp(er) (still equal to U supp(e')). This proves that support-wise strict de-
composability generally depends not only on the support, but also on the positive
values of the fluxes and that, unlike the particular cases above, we cannot speak
of a strictly-decomposable or non-strictly-decomposable support. Note that, in this
subcase, the support-wise non-strictly-decomposable vectors of F/ constitute the com-
plementary, in the open cone coneZ; ({e*}rcx), of the open sub-cone cone’ ({e'};c)
which is thus a finite disjoint union of semi-open cones, each of which is conically gen-
erated (with positive or non-negative coefficients according to faces that are present
or not) by extreme vectors e’s with either k € K\L C K\R or k € L\R, thus in any
case with k € K\R, i.e., by extreme vectors eX € EFMs (F)\ EFMs RCp,
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We have finally proved the following result (keeping the notations of Proposition 9).

Proposition 10. Let swNSDFVsgc,, 2 swNSDFVs(CFCgrcy, <) be the support-wise non-
strictly-decomposable vectors of CFCrc, <y We obtain EFMsgc, € swNSDFVsgc,, but,
unlike the case of thermodynamic and kinetic (as in Proposition 5) constraints, there is in general no
longer identity between EFMsgc,, and suNSDFVsgc, . Consider all faces F' of F of dimension at

least two, such that F' C F° (i.e., F' is not included in any hyperplane {v; = 0} with i € 1), and

let D(F') 2 conel, ({F"" | F" facet of F' with F" C F°}). Result of Proposition 9 can be stated
as EFMsgc, \EFMsR0 = Up|p(pr)—g} F'. Now, we have suNSDFVsgc, \EFMsgc,, =
U (F@£D(F)BE) F'\D(F"). Note that the F"’s considered here necessarily own at least one facet

F" that is not included in any hyperplane {v; = 0} with i € I. There are actually two cases:
For those F'’s which own exactly one such facet F" (thus D(F') = F" C F°\F'), we obtain
F' C swNSDF Vsre, \EFMsgc,, and the common support of vectors in E' is thus a non-strictly-
decomposable (independently of the choice of the distribution of the fluxes) non-minimal support
for vectors in F°. For those F'’s which own at least two such facets F", we obtain F'\D(F') C
swNSDFVsgc, \EFMsgc,, and D(F') C F°\swNSDFVsgc,, thus part of the vectors of P
(consisting of a finite disjoint union of semi-open cones) are support-wise non-strictly-decomposable
and part (consisting of an open cone) are support-wise strictly-decomposable (depending on the
choice of the distribution of the fluxes), while having the same non-minimal support.

Example 6. Let us continue with the network of Examples 3 and 5 (see Figure 9). FC is a
pointed cone of dimension 3 included in the positive orthant of R with axes {R, T3,T2,T1, T4}
in this order. We have FC = {(xyzx+yx+z)T | x,y,z > 0}. FC has 3 extreme rays
(EFMs e', €%, €3 seen above) and 3 facets (see Figure 10). When we add the Boolean constraint
D = T1 A T4, then F = FC and the solution space is the semi-open cone CFCgc, = F° =
{(xyzx+yx+2)T | x,y,z > 0,x+y > 0,x+2z > 0}, ie, F without its two edges
corresponding to e* and e3. The only edge remaining in F° provides EFMsRCp = {e'} with
support {T1,R, T4}. There are three faces of F of dimension two with their interiors included
in F°: F| = coneg({e* e}), Fy = coneq({e!,e’}) and F, = cones({e',e*}). F| is the
only one to have no facet with its interior included in F°, i.e., such that D(F{) = @, thus
EFMsgc, \EFMsRCp = Fl’ = coneZ;({e* €®}). This means that the new EFMs that appear are
all the positive combinations of e and €3, all with the same minimal support {T1, T3, T2, T4}. Re-
garding Fy and F}, they both have R e' as their only facet with interior included in F°, thus
D(F})) = D(F;) = R’e' and E} = conel({e!,e?}) and F} = conel({e!,e?}) are both
included in swNSDFVsgc, \EFMsgc,. {T1,R,T2,T4} and {T1,R, T3, T4} are thus non-
strictly-decomposable (independently of the respective values of the fluxes in T1 and T2 or in T3 and
T4, respectively) non-minimal supports. The last face of F with its interior included in F° is F itself,
of dimension three, with F = conel, ({e',e?, e3}). As all the facets F], F}, F} of F have their interior
included in F°, we obtain D(F) = E. Thus, the pathways with nonzero fluxes in all five reactions,
i.e., with support {T1,T3, R, T2, T4}, are exactly the support-wise strictly-decomposable ones.

Example 7. Let us consider the simple network comprising one reaction R : A — B, where A and
B are the two internal metabolites, and four transfer reactions T1 : — A, T2 : — A, T3: B —,
T4 : B —, and assume the five reactions irreversible (see Figure 11). FC is a pointed cone of
dimension 3 included in the positive orthant of R with axes {T1,T2,T3,R, T4} in this order. We
have: FC = {(xyzx+yx+y—2z)T | x,y,z > 0,x +y > z}. FC has 4 facets and 4 extreme
rays. Representatives of these extreme rays (EFMs) are e = (10110)7T, ¢ = (10011)7,
e =(01110)T and e* = (01011)7, defined by their supports: {T1,R, T3}, {T1,R, T4},
{T2,R, T3} and {T2, R, T4}, respectively.

Let us consider the Boolean constraint D = T1 A T3. Then, F = FC and the solution space
is the semi-open cone CFCre, = F* = {(xyzx+yx+y—2)T | x,2> 0,y > 0,x+y > z},
i.e., F without its two facets {x = 0} and {z = 0}.

The only EFM still present in F° is e, thus EFMsRCD = {e'} with support {T1, R, T3}.
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There are two faces of F of dimension two with their interiors included in F°: F| = coneq ({e', e*})
and Fj = coneq ({e!,e3}), both with R e! as their only facet with interior included in F°.
Thus, D(F]) = D(F}) = R*e!, EFMsgc, \EFMsRC0 = @, F| = cone}({e!,e?}) C
swNSDFVsge,\ EFMs ge, and Fy = conel({e',e®}) C swNSDFVsge, \EFMsgc,. {T1,
R, T3, T4} and {T1, T2, R, T3} are thus non-strictly-decomposable (independently of the respective
values of the fluxes in T3 and T4 or in T1 and T2, respectively) non-minimal supports.

The last face of F with its interior included in F° is F itself, of dimension three, with E =

conel,({e',e?, €3, e*}) defined in F° by {y > 0,x+y > z}. F has exactly two facets with their interi-
ors included in F°, namely, F| and F} and thus D(F) = cone} ({e',e?,€>}) = F°\swNSDFVsgc,,.
The support-wise strictly-decomposable vectors constitute the open sub-cone of E defined by {y < z}:
FO\swNSDFVsgc, = {(xyzx+yx+y—2)T | x,y,z > 0,y < z < x + y}. They are the
pathways of support {T1,T2,R, T3, T4} such that the flux in T2 is smaller than the flux in T3;
actually any vector (x y z x +y x +y —z)T with x,y,z > 0,y < z < x +y can be decomposed as
(k(z—y)e' + (x +y —2)e?) @ ((1 —k)(z — y)e! +ye3), with arbitrary k, 0 < k < 1, i.e., into
two support-wise non-strictly-decomposable vectors respectively in F{ with support {T1,R, T3, T4}
and in Fz’ with support {T1,T2,R, T3}.
We thus have F\D(F) = cone[;({e?, €%, e*}) Uconed;({e?,€*}) C szSDFVsRCD\EI—:MsRCD,
The support-wise non-strictly-decomposable vectors constitute the semi-open sub-cone of F defined
by {z <y} {(xyzx+yx+y—2)T | x,y,z > 0,z < y}. They are the pathways of sup-
port {T1,T2,R, T3, T4} such that the flux in T2 is not smaller than the flux in T3. Any vector
(xyzx+yx+y—z)T withx,y,z >0,z < yis equal to xe? + ze®> + (y — z)e* and belongs to
conel; ({€*, € e*}) ifz < y and to conel ({€* €%}) if z = y.

Tl |x4y z| T2 :

v v

Figure 10. Simple network of Examples 3, 5 and 6. The flux cone FC of dimension 3 has 3 extreme
rays, which are EFMs el,e?,e3, and 3 facets (in color in the picture that represents the projection
of RS on the subspace spanned by x, , z, the fluxes in R, T3, T2, respectively). When we add the
regulatory constraint T1 A T4, the solution space becomes FC without its two edges corresponding
to e? and e? (in gray), thus a disjoint union of the following open cones: extreme ray e', the interiors
of the red, blue and green facets, and the interior of FC. Thus, only el remains an EFM, with support
{T1, R, T4}, but there are new EFMs, namely all positive combinations of e? and e (the interior of the
red facet), all with the same minimal support {T1, T3, T2, T4}. Moreover, there are new swNSDFVs
with non-minimal support: all positive combinations of el and €3 (the interior of the blue facet),
all with the same non-strictly-decomposable support {T1, R, T2, T4}, and all positive combinations
of e! and e? (the interior of the green facet), all with the same non-strictly-decomposable support
{T1,R,T3,T4}. All vectors in the interior of FC, which have {T1, R, T3, T2, T4} as a support, are
support-wise strictly-decomposable.

However, in the case of a general constraint Bc = \/; Dy, take care that, if the
support-wise strictly-decomposable vectors of each CF CRCDk <q are support-wise strictly-
decomposable in CFCrc,, <y, it is not true for support-wise non-strictly-decomposable
vectors and some of them for CFCrcp, <n may be decomposable in CFCrcy, <n-
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Figure 11. Simple network of Example 7. Flux cone FC of dimension 3 has 4 extreme rays, which
are EFMs el e?,e3,e4, and 4 facets (in color in the picture that represents the projection of R® on
the subspace spanned by x, y, z, the fluxes in T1, T2, T3, respectively). When we add the regulatory
constraint T1 A T3, the solution space becomes FC without its two facets in yellow and orange, thus
a disjoint union of the following open cones: the extreme ray e, the interiors of the blue and purple
facets, and the interior of FC. Thus, only e! remains an EFM, with support {T1, R, T3} and there
are no new EFMs, but the following new swNSDFVs occur. First, any positive combination of e!
and e? (the interior of the blue facet), all with the same support {T1, R, T3, T4}, and any positive
combination of e! and e? (the interior of the purple facet), all with the same support {T1, T2, R, T3},
these supports being thus non-strictly-decomposable (independently of the positive values of the
fluxes) though not minimal. Second, the complementary in the interior of FC of the open sub-cone
generated by the positive combinations of e!,e?, e? (i.e., the interior of the cone with blue, purple
and grey facets), that is the original network with nonzero fluxes in all five reactions, thus with
support {T1, T2, R, T3, T4}, in the case where input flux y in T2 is not smaller than output flux z in T3,
obtained as a positive combination of e?, e3, e* (the interior of the cone with yellow, orange and grey
facets) if y > z, or of 2, e (the interior of the gray cone) if y = z. On the other hand, when y is smaller
than z, the global pathway can be decomposed into two swNSDFVs of non-strictly-decomposable
supports {T1, R, T3, T4} and {T1, T2, R, T3} in an infinite number of ways depending on a parameter
k,0 < k <1 (decomposition of a vector in the interior of the cone with blue, purple and gray facets
into two vectors in the interiors of the blue and purple facets respectively). This shows that in general
support-wise strict-decomposability does not depend only on the support of the pathway but on the
distribution of the fluxes.
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This characterization of support-wise non-strictly-decomposable vectors in the pres-
ence of regulatory constraints does not extend directly from flux cones to flux polyhedra.
The reason is that, due to inhomogeneous linear constraints ILC, certain faces of FP<;, are
not defined by equalities of the form v; = 0 and thus play no role in the definition of the
support of the vectors they contain. Consequently, the basis of the reasoning above, namely,
that the support of vectors of the interior of any face is larger than the supports of vectors
of the interior of any facet of this face, does not hold. Nevertheless, the ideas developed
for flux cones for dealing with faces included in a certain hyperplane {v; = 0} withi € I,
and thus removed from the solution space due to the Boolean constraint considered, can
be applied. However, it is necessary at each step, when considering an arbitrary face, to
distinguish its facets resulting from ILC, not involved in the definition of the support,
its facets included in a certain hyperplane {v; = 0} with k ¢ I that are still present and
contribute to the definition of the support, and its facets included in a certain hyperplane
{v; = 0} with i € I that are removed.

2.2.4. Case of Several Types of Constraints

In general, when analyzing a metabolic pathway, all known biological constraints
will have to be taken into account together, typically kinetic constraints and regulatory
constraints. For two such constraints C; (say, a kinetic constraint KC, equivalent to TC, or
KC? in the absence of bounds on enzyme concentrations, equivalent to TC’) and C; (say a
regulatory constraint RCp,), the solution space, in the case of a flux cone FC (the reasoning
would be similar for a flux polyhedron FP) is given by CFCc,nc, = FC N Solc,ac, =
FC N Sole, N'Solc, = CFCc, N Solc,. Now, from Propositions 2 and 5, CFC, is a finite
union of flux cones FC;, which are certain particular faces of each flux tope of FC and
the constraint C; can be applied to each one as to an original flux cone: CFCc,rc, =
U; FC; N Solc, = U;CFC;c,. From Proposition 7, each CFC;c, is a disjoint union of
particular open faces of FC;. In all, the solution space is a disjoint union of particular open
faces of the flux topes of FC. From propositions above and Proposition 8, we can also
conclude that the EFVs of CFCc, zc, are exactly the EFVs of FC that satisfy both constraints
C1 and Cz.

Proposition 11. The space of flux vectors in FC (resp., FP) satisfying both the kinetic constraint
KC (or KC in the absence of bounds on enzyme concentrations) and the regulatory constraint
RCgp, is a finite disjoint union of open polyhedral cones (resp., open polyhedra) which are certain
open faces of the flux topes of FC (resp., FP). The elementary flux vectors (resp., elementary flux
points and vectors) are those of FC (resp., FP) that satisfy both constraints.

Note that Proposition 10 applies also, by starting from each FC; instead of each
flux tope of FC, to determine elementary flux modes and support-wise non-strictly-
decomposable vectors.

3. General Case of Sign-Compatible Constraints

We are interested in determining, for general biological constraints C, what can be said
about the structure of the solution spaces CFC¢ or CFPc. More precisely, in identifying
certain general features regarding constraints C (some of which are present in particular in
biological constraints Equations (42), (47) and (50) we have considered so far), allowing us
to clarify the mathematical and geometrical structure of the solution space, to determine
the EFs (conformal non-decomposable fluxes) or EFMs (support-minimal fluxes) for this
space and whether they characterize it and lastly how to compute them efficiently, in
particular by checking the integration of this computation into the DD method. We will
focus on deducing pertinent geometrical characteristics of the solution space only from
general properties of the compatibility of the constraints with vector signs (i.e., with vector
supports in each closed r-orthant or flux tope) and we will see that part of the results
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obtained above for thermodynamic, kinetic and regulatory constraints actually depends
only on these general global properties.

3.1. Sign-Invariant Constraints

A constraint Cx(v) (resp., 3xCx(v)), is said to be sign-invariant if it depends only on
sign(v), i.e., on the signs of the v;’s but not on their values (in the formulas below, free
variables are assumed universally quantified):

Cx(v),sign(v') = sign(v) = Cx(v') (86)

IxCx(v), sign(v') = sign(v) = IxCx(v'). (87)

It follows from these definitions that, if the Cx(v)’s are sign-invariant for all x, then
IxCx(v) is sign-invariant. Note that the property for a constraint to be support-invariant
(i-e., to depend only on supp(v)) is stronger than the property to be sign-invariant. Actually,
in any flux tope (or in any given closed orthant), having the same sign for two vectors
is equivalent to having the same support and thus being sign-invariant for a constraint
means being support-invariant in each flux tope independently.

Example 8. It follows then from definitions Equations (41), (42) or (43) that the thermodynamic
constraint TCpg(v) or TCyy(v) is sign-invariant. Thus this is also the case for TC(v) and TC(v)
Equation (60) and for TC®(v) and TC® (v) Equation (61).

On the other hand, the kinetic constraint KCgpr(v) Equation (47) is not sign-invariant, and
this is also the case of KCg(v) Equation (78), because x;(M) is bounded below and above (e.g., for
Michaelis-Menten kinetics, —k; < i; < k") and thus, for a given nonzero enzyme concentration
E;, there is no metabolite concentrations vector M allowing an arbitrary flux value v; in reaction i
(as soon as the value of v;/ E; is outside the x; bounds).

The kinetic constraint KCpy(v) Equation (80) is however sign-invariant. This follows
from the linear dependency of v; on E;. Actually, if KCy(v) is satisfied (for a certain E) and
sign(v') = sign(v), then, for all i € supp(v'), v; and x;(M) have the same sign; thus, it is also
the case for v} and «;(M). Therefore, by taking E; = v}/x;(M) = E;v;/v; when v} # 0, and
E; = 0 when v; = 0, KCy(v') is satisfied (for E'). This sign-invariant property thus holds
also for KC(v) Equation (76) and for KC'(v) Equation (77) if the only bounds are on metabolite
concentrations. However, it does not hold for KC4(v) (81) and for KC® () (77) in the presence of
bounds on enzyme concentrations.

Finally, by definition, the regulatory constraint RCp.(v) Equation (50) depends only on
supp(v), so is support-invariant and thus sign-invariant.

Lemma 4. All thermodynamic constraints are sign-invariant. Only kinetic constraints KCyy and
KC are sign-invariant, as well as KC? with bounds only on metabolite concentrations (but not on
enzyme concentrations, thus in particular without enzymatic resource constraint). The regulatory
constraints are support-invariant, thus sign-invariant.

The structure of the solution space of a sign-invariant constraint follows directly from
its definition. Actually, if v satisfies a given sign-invariant constraint C = Cx(v) (resp.,
C = IxCx(v)), then (o)sign(v) = {x € R" | sign(x) = sign(v)} is included in Solc and thus
Solec = Ugycv)y Oesign(v) is a disjoint union of open orthants. This result can be compared
to Lemma 2. More precisely, if we consider a support-invariant constraint C, the same
reasoning applies and gives Solc = U{y|c(v)} Ssupp(v) Where Sp = {x € R" | supp(x) = p}
denotes the set of vectors of support p, where we code a support as a binary vector p
(1 coding support membership and 0 non-membership). A support-invariant constraint C
is thus equivalent (in extension) to a family {S ;i }; of such support sets and, as there are
2" possible binary vectors, there are thus 22" different support-invariant constraints. Now,
a given Sy is equivalent to the Boolean constraint D = Ajp,=1} Vi A Ayj pj=0} 7V and
thus an arbitrary support-invariant constraint C is equivalent to the Boolean constraint
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Bc = V; D,,;, thus to the regulatory constraint RCp. Thus support-invariant constraints
identify with regulatory constraints and all properties we have demonstrated for the
latter apply to the first. For example, by associating with any sign vector 1 its support
p (i.e., the support of any vector having the given sign), given by p; = 1if n; = + or —
and p; = 0if n; = 0, we deduce that, for any binary vector p, there are 2/PP(P)l sign
vectors 1 with support p, given by n; = + or — if p; = 1 and 0 else, and we obtain
Se = Utnijsupp(ni)=p) Oni and Sole = Upnijsupp(niy=supp(v)rc(v)} Oniv i-€., that Solc is a
disjoint union of open orthants, which is precisely the statement of Lemma 2. Note that a
support-invariant constraint C is entirely defined by its restriction to an arbitrary closed r-
orthant Oy, i.e., for n an arbitrary full support sign vector, as Solc can be reconstituted from
Solc N Oy,. Moreover, as to be sign-invariant and to be support-invariant coincide in any
closed r-orthant, a sign-invariant constraint is nothing but a constraint whose restriction to
any closed r-orthant is support-invariant, i.e., which coincides in any closed r-orthant with
a well-defined regulatory constraint (but such regulatory constraints differ in general from
one r-orthant to another, while obviously coinciding on their intersection). A sign-invariant
constraint C is equivalent to a family {(o)nl- }i of open orthants and, as there are 3" possible

sign vectors, there are thus 2% different sign-invariant constraints. Applying the merging
method described in the proof of Lemma 2, these open orthants can be grouped together
in order to obtain a family of semi-open orthants, without any possible further merging
between any two of them.

Proposition 12. Support-invariant constraints coincide with Boolean constraints, i.e., regulatory
constraints. They are completely characterized by their restriction to any closed r-orthant and
number 2%, Sign-invariant constraints coincide with constraints whose restriction to any closed
r-orthant is given by a requlatory constraint (with identity of such requlatory constraints on the
intersections of any two of these orthants). They number 23, The set Sol¢ of vectors in R” satisfying
the sign-invariant constraint C = Cy(v) (resp., C = IxCx(v)) is a disjoint union of open orthants,
which can be grouped together according to Lemma 2 to provide a disjoint union of semi-open
orthants without any possible further merging between any two of them.

An important consequence is that, if we reason for each closed r-orthant separately, i.e.,
flux tope by flux tope in the solution space, then all results demonstrated in Section 2.2.3 for
regulatory constraints apply to sign-invariant constraints. With the previous definitions of
open or semi-open polyhedral cones and open or semi-open polyhedra and, more generally,
of open or semi-open faces of polyhedral cones or polyhedra, we get the following result.

Theorem 1. Let C = Cx(v) (resp., C = IxCx(v)) be a sign-invariant constraint and CFC¢
(resp., CFPc) be the associated constrained flux cone subset (resp., the associated constrained flux
polyhedron subset). Then, CFCc (resp., CFP¢) is a finite disjoint union of open polyhedral cones
(resp., open polyhedra), which are certain open faces of the flux topes FC<y, (resp., FP<y) for all n
maximal sign vectors in sign(FC) (resp., sign(FP)). They can be grouped together according to
Lemma 2 to provide a disjoint union of semi-open faces of the FC<y s (resp., FP<y’s) without any
possible further merging between any two of them. Elementary fluxes are obtained by collecting
those for each flux tope (which is not the case for elementary flux modes where, after collecting them,
only those with minimal support have to be kept) and are nothing but the elementary fluxes of FC
(resp., FP) that satisfy the constraint C (which again is not the case for elementary flux modes):

EFVs(CFC¢) = EFVs(FC) N Solc = EFMs(FC) N Solc € EFMs(CFCc)  (88)

EFPs(CFP¢) = EFPs(FP) N Sol¢ EFVs(CFPc) = EFVs(Cep) NSolc.  (89)

Proof of Theorem 1. The disjoint decomposition of the solution space into open faces of
the flux topes FC<y, (resp., FP<y) results from Proposition 12 or directly from the fact that
all vectors of the strict conical hull cone™t (v!,...,v"*) = {B1v! + ...+ Buv" | B1,..., Bn > 0}
and of the strict convex hull convt(v!,...,v") = {mv + ...+ a,v" | a1,..., 4, > 0,
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a1 + ...+ a, = 1} of given vectors vl, ..., v"in a flux tope, thus in a closed orthant (so

the sum is conformal), have the same support supp(v!) U... Usupp(v"), thus the same
sign, and from the fact that an open face of a polyhedron is the Minkowski sum of the strict
convex hull of its vertices and the strict conical hull of its extreme vectors. Thus, an open
face of a flux tope FC<y, (resp., FP<4, ) either does not intersect the solution space or is com-
pletely included in it. We have seen (55) that any elementary flux or any elementary flux
mode of FC (resp., FP) that satisfies the constraint is an elementary flux or an elementary
flux mode of the solution space (the conditions of validity of (55) for elementary fluxes are
satisfied from the structure of the solution space). These elementary fluxes or elementary
flux modes actually identify with the extreme vectors of the FC<y,’s (resp., extreme points
of the FP<,’s and extreme vectors of the Crp <;,’s) that satisfy the constraint, i.e., whose
sign satisfies the constraint. Reciprocally, any vector of the solution space that is not in
this case necessarily belongs to an open face of a certain FC<y, (or Crp <) of dimension
at least two (resp., of a certain FP<,, of dimension at least one) and is thus conformally
(resp., convex-conformally) decomposable in this open face and consequently cannot be an
elementary vector (resp., elementary point) of the solution space (obviously, the decom-
position involves two vectors of same support, thus nothing can be deduced regarding
elementary flux modes). This gives the result for elementary fluxes. O

Theorem 1 applies in particular to all thermodynamic constraints, regulatory con-
straints and those kinetic constraints described in Lemma 4. Especially, we directly obtain
the results of Propositions 7 and 8 for regulatory constraints.

Note that our only knowledge of the EFVs for CFCc (resp., the EFPs and EFVs for
CFPc) is really a long way from characterizing the solution space CFCc (resp., CFPc):
actually they are just the ExVs of each tope CFCc <y, (resp., the ExPs and ExVs of each
CFPc <y), i.e., the only one-dimension open polyhedral cones, i.e., edges (resp., zero-
dimension polyhedra, i.e., vertices, and edges for the recession cones) among all the open
cones (resp., open polyhedra) of any dimension that constitute CFCc (resp., CFPc).

As in each closed r-orthant, i.e., in each flux tope, a sign-invariant constraint identifies
with a regulatory constraint, Propositions 9 and 10 demonstrated for regulatory constraints
apply thus to sign-invariant constraints. Nevertheless, they are stated for constraints that
are conjunctions of literals and, even if a decomposition into such disjuncts is always
possible from the identity above, it is not necessarily natural for an arbitrary sign-invariant
constraint and a global characterization for each flux tope is preferable, in particular for
what concerns support-wise non-strictly-decomposable vectors. The difference is that one
has to deal for CFCc <, with an arbitrary family of open faces of FC<;, instead of a single
semi-open face of FC<;,, obtained specifically as a face of FC<;; without certain of its facets,

for CFCrcp <n-

Let us adopt notations similar to those used in Propositions 9 and 10, i.e., let EFMs c =

EFMs (FC<y, ) N Solc be the elementary flux modes of FC<y, that satisfy C (i.e., the elemen-
tary flux vectors of CFCc <), EFMs ¢ = EFMs (CFCc <)) be the elementary flux modes

of CFCc <y, and swNSDFVs ¢ E swNSDFVs (CFC¢ <4, ) be the support-wise non-strictly-
decomposable vectors of CFCc <,. We have thus EFMs C C EFMs ¢ C swNSDFVs ¢. The
proof of Proposition 9 adapts straightforwardly: EFMs € correspond to the open faces of
dimension one (extreme rays) of FC<y, in CFCc <, and EFMs ¢\ EFMs € are made up of
all the open faces F in CFCc <,, where F is a face of dimension at least two of FC<,, but
not any proper (i.e., with positive dimension, less than the dimension of F) face F’ of F
is such that F’ is in CFCc <. The result is based on the properties that all vectors of an
open face F in CFCc <,, have the same support, and the common support of vectors of ¥,
where F' is a face of F, is strictly included in that of vectors of F. In the same way, the proof
of Proposition 10 is easily adapted for what concerns swNSDFVs ¢\ EFMs ¢. For this we
consider successively all the open faces F in CFCc <y Where F is a face of dimension at
least two of FC<,, which owns at least one proper face F’ such that F’ is in CFCc <,,. For
each such given F, let {F]-’ }jej be the family of all such F'. Let {e"};cx be representatives
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of the extreme vectors of F and {e'};c;, with L C K, be representatives of the extreme
vectors of all these F;. Thus, conel ({e}iex) = F and conel ({e'}icr) = coneg({l-"].’}jej)

and we obtain F N cone@ ({e[ bier) = E\ swNSDFVs ¢, as by construction those vectors of
F which belong to coneg ({F }je) are precisely those in F which are support-wise strictly-

decomposable in CFCc <y, the decomposition being achieved along vectors in the F]’ s,

whose support is strictly included in the common support of vectors in F. Therefore, three

different exclusive cases can be distinguished for F:

o conel({e'}icr) NEF =@, e, the Fj”s are all included in a same facet of F, that is in
a same hyperplane {v; = 0} for a certain coordinate 7 of the affine span of F, which
is still equivalent to ;e supp(e') C Ugex supp(e*) (this is for example the case if
IJ| = 1). Then, F C swNSDFVs ¢\ EFMs c is entirely made up of support-wise
non-strictly-decomposable vectors and [ supp(eX) is a non-strictly-decomposable
non-minimal support for vectors in CFCc <y,.

o conef({e'}icr) = F,ie, L =K. Then, F C CFCc <y, \ sWNSDFVs c is entirely made
up of support-wise strictly-decomposable vectors and ek supp(e*) is a strictly-
decomposable support for vectors in CFC¢ <y,.

e conef ({e'};c1) C Fie., L C Kand notall lfjf’s are included in a same facet of F, which
means that, for all i coordinates of the affine span of F, there exists j € | such that F]-’ is
not included in the hyperplane {v; = 0}, or equivalently, there exists | € L such that

el # 0, which is still equivalent to Ujer supp(e) = Urek supp(eX). Then, F is split into
two nonempty subsets: cone} ({e'} e 1) = F\ swNSDFVs ¢, made up of support-wise
strictly-decomposable vectors, and F\conef; ({e'};c;) C swNSDFVs c\ EFMs ¢, made
up of support-wise non-strictly-decomposable vectors (note that F\coneX ({e'}1cr)
is made up of those vectors of F the conical decomposition of which on the et’s
requires at least one e* with k € K\L). As all vectors of F have the same non-minimal
support Ueg supp(e), this proves that support-wise strict decomposability does
not generally only depend on the support but also on the positive values of the
fluxes and that, unlike the two particular cases above, we cannot speak of a strictly-
decomposable or non-strictly-decomposable support. Note that the support-wise
non-strictly-decomposable vectors of F are obtained as the complementary, in this
open cone, of the open sub-cone coneZ; ({e'};c;), which is thus a disjoint union of
semi-open cones (its connected components), each of which being conically generated
both by certain extreme vectors ef with k € K\L (that necessarily do not belong to
EFMs ©), with non-negative coefficients, and by certain extreme vectors e with k € L
(that may belong or not to EFMs €, with positive coefficients (in order to keep the
concerned facets common with coneq ({e'}¢;)).

We have finally proved the following result (while keeping the notations of Theorem 1).

Theorem 2. For C a sign-invariant constraint, FC<yy a flux tope and CFCc <y, the associ-
ated subset of the solution space (disjoint union of open faces of FC<y from Theorem 1), let

EFMsC 2 EFMSs(FC<y)N Sol¢ be the elementary flux modes of FC<y, that satisfy C (equal
to EFVs(CFCc¢ <y )), EFMsc 2 EFMs(CFCc¢ <y,) be the elementary flux modes of CFC¢ <4,

and swNSDFVs¢ 2 swNSDFVs (CFCc <v) be the support-wise non—strictly—decomposable
vectors of CFC¢ <y, with EFMs® C EFMsc C swNSDFVsc. EFMsC correspond to the open
faces of dimension one (extreme rays) of FC<y, belonging to CFCc <y,. Consider now successively
all the open faces F in CFC¢ < Where F is a face of dimension at least two of FC<y,, and for each
such given F, let {e*}rcx be representatives of the extreme vectors of F and {e'}c;, with L C K,
be representatives of the extreme vectors of all proper (i.e., with positive dimension, less than the
dimension of F) faces F' of F such that F' belongs to CFC¢ <y. Thus, conef ({e*}rex) = F and

let D(F) 2 conel; ({e'}jcr). Consequently, if L = @, then F C EFMsc\EFMsC; if L # @
and Ujep supp(e) C Ugex supp(eX), then F C swNSDFVsc\ EFMsc and Ugek supp(eX)
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is a non-strictly-decomposable non-minimal support for vectors in CFCc <y; if L = K, then
F C CFCe <n \SWNSDFVsc and Ugeg supp(e*) is a strictly-decomposable support for vectors
in CFCc <y, if L C K and Ujcp supp(e') = Ugex supp(e¥), then D(F) = F\swNSDFVsc,
a non-empty open cone, constitutes the support-wise strictly-decomposable vectors in F and
EF\D(F) C swNSDFVsc\EFMsc, a non-empty finite disjoint union of semi-open cones, consti-
tutes the support-wise non-strictly-decomposable vectors in E, all having the same non-minimal
support (decomposability depending in this case not only on the support but also on the distribution
of the fluxes). We finally obtain EFMsc\EFMsC and suNSDFVsc\EFMsc by collecting these
vectors for each F.

Note that even the knowledge of swNSDFVs ¢ is not enough to completely reconstruct
the tope CFCc <4, of the solution space.

In order to deal with the usual enzymatic resource constraint (more generally capacity
constraints) in the kinetic constraints, we generalize the sign-invariance criterion. A
constraint Cx(v) (resp., 3xCx(V)), is said to be contracting-sign-invariant if, when satisfied
by one vector, it is satisfied by any vector having the same sign which is not greater (on
each component), i.e., that belongs to the open rectangle parallelepiped defined by the null
vector and the given vector:

Cx(v),sign(v') = sign(v),Vilvl] < |v;| = Cx(V') (90)

IxCx (v), sign(v') = sign(v),Vi|v}| < |v;| = IxCx (V). (91)

Obviously a sign-invariant constraint is contracting-sign-invariant and, if the Cx(v)’s are
contracting-sign-invariant for all x, then IxCy (V) is contracting-sign-invariant.

Example 9. The kinetic constraints KChy(v) Equation (81) and KC (v) Equation (77) are contracting-
sign-invariant in the absence of positive lower bounds on enzyme concentrations (i.e., when E~ = 0).
Actually, if KC4; () is satisfied (for a certain E verifying ¢c'E < W and E < E*) and sign(v') =
sign(v) with |v}| < |v;| for all i, we saw that, by taking E; = v}/x;(M) = E;v’/v; when v # 0,
and E; = 0 when v} = 0, then KCp(v") is satisfied (for E'). Now, as [v!| < |v;|, we have E' < E
and thus ¢ 'E' < TE< Wand E' < E*, s0 KCR/I(’Z/) is satisfied.

Lemma 5. The kinetic constraints KCK,I and KC’ are contracting-sign-invariant in the absence of
positive lower bounds on enzyme concentrations (i.e., when E~ = 0).

We will call 0-star domain a subset SD of R” which has the property that the whole
open segment joining 0 to any element of SD is included in SD: v € SD,0 < A <1 =
Av € SD. Any cone is a 0-star domain.

Theorem 3. If C = Cy(v) (or C = 3xCx(v)) is contracting-sign-invariant, then CFCc is a
0-star domain and there exists a neighborhood N = |—6,+6[" of 0 for a certain & > 0 such that
CFCc N N is a finite disjoint union of N-truncated open polyhedral cones, which are the intersection
with N of open faces of the flux topes FC<y,. In addition, results (88) regarding EFV's and EF Ms
hold in N, i.e., for sufficiently small fluxes. The same holds for CF Pc with the flux topes FP<y, if 0
is an interior point of FP, and in this case results (89) regarding EFV's and EFPs hold in N.

Proof of Theorem 3. The property of being a 0-star domain is a direct consequence of the
definition: if a contracting-sign-invariant constraint is satisfied by a vector v, it is satisfied
by Avforall 0 < A < 1. From the proof of Theorem 1, it follows that if a nonzero vector
v € FC<,, verifies a given contracting-sign-invariant constraint, then any vector v’ of the
minimal open face of FC<y, containing v (thus having the same sign as v) and belonging to
| =6y, +0v[" with &y = min;cg, pp(v)|Vi| (contracting condition) also verifies the constraint.
The result is obtained by taking for § the minimum of the éy’s on all open faces of the
FC<y's (whose number is smaller than the number of possible signs, i.e., 3"). The proof
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is still valid for FP but the result is meaningful only if N is included in FP, i.e., if 0 is an
interior point of FP, which means that the inhomogeneous linear constraints defining FP,
given by Gv > h, verify h < 0. O

Theorem 3 tells us that the result of Theorem 1 for sign-invariant constraints regarding
the geometrical structure of the solution space applies identically for contracting-sign-
invariant constraints locally in a neighborhood of 0, i.e., when considering only pathways
with sufficiently small amounts of fluxes. This applies in particular to those kinetic con-
straints described in Lemma 5.

3.2. Sign-Monotone Constraints

We now consider a property of compatibility of a constraint with signs that is stronger
than sign-invariance. A constraint Cyx(v) (resp., 3xCx(V)), is said to be sign-monotone if,
when satisfied by a vector, it is satisfied by any other vector with a smaller or equal sign
(for the partial order on signs):

Cx(v),sign(v') < sign(v) = Cx(v') (92)

IxCx(v), sign(v') < sign(v) = IxCx(V'). (93)

It follows from these definitions that, if the Cx(v)’s are sign-monotone for all x, then
IxCx(v) is sign-monotone and that any sign-monotone constraint is sign-invariant. Note
that, in any given closed orthant, thus in any flux tope, sign(v’) < sign(v) is equivalent to
supp(v') C supp(v) and thus being sign-monotone for a constraint means being support-
monotone in each flux tope. Note also that if a sign-monotone constraint has a solution,
then the null vector 0 is a solution.

Example 10. It then follows from definitions (41), (42) or (43) that the thermodynamic constraint
TCpi(v) or TCyy(v) is sign-monotone. This is thus also the case for TC(v) and TC(v) Equation (60)
and for TC? (v) and TC® (v) Equation (61).

The arqument given previously to establish that the kinetic constraint KCpy(v) Equation (80) is
sign-invariant proves in fact that it is sign-monotone. This sign-monotone property holds thus also for
KC(v) Equation (76) and for KC” (v) Equation (77) in the absence of bounds on enzyme concentrations.

The regulatory constraint RCp.(v) Equation (50) is not generally sign-monotone: consider
for example Bc reduced to a positive literal. Actually, RCp.(v) is sign-monotone if and only if Bc in
DNF contains no positive literal, which is a very special case, requiring only certain fluxes to be zero
but unable to express that a given flux is nonzero (in this particular case, it is support-monotone,
which is stronger than sign-monotone).

Lemma 6. All thermodynamic constraints are sign-monotone. Only those kinetic constraints KCpy
and KC are sign-monotone, as well as KC’ in the absence of bounds on enzyme concentrations.
The requlatory constraint RCp, is not sign-monotone, except if Bc in DNF contains only negative
literals (i.e., assigns only zero fluxes, but no nonzero fluxes), in which case it is support-monotone.

The structure of the solution space of a sign-monotone constraint follows directly from
its definition.

Lemma 7. The set Solc of vectors in R” satisfying the sign-monotone constraint C = Cx(v) (resp.,
C = IxCx(v)) is a union of closed orthants.

Actually, if v satisfies C, then Oy;g,(v) = {x € R | sign(x) < sign(v)} is included
in Solc and thus Solc = U{y|c(v)} Osign(v)- Obviously, we can keep only those v’s for
which sign(v) is maximal, in order to avoid any inclusion between the closed orthants.
This result can be compared to Lemmas 1, 3 and first part of Proposition 5, which are
obviously more precise but it shows that the mathematical structure of the solution space
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of these thermodynamic and kinetic constraints is mainly the only consequence of their
sign-monotonicity.

Theorem 4. Consider indifferently a sign-monotone constraint Cx(v) or 3xCx(v) (e.g., if Cx(v)
is sign-monotone for any x), and let us name it C and the associated constrained flux cone subset
CFCc (resp., the associated constrained flux polyhedron subset CFP¢). Then, CFCc¢ (resp., CFP¢)
is a finite union of polyhedral cones (resp., polyhedra), which are faces of the flux topes FC<4 (resp.,
FP<y,) for all n maximal sign vectors in sign(FC) (resp., sign(FP)) and we obtain

EFVs(CFC¢) = EFMs(CFC¢) = EFVs(FC) N Solc = EFMs(FC) N Sole  (94)

EFPs(CFP:) = EFPs(FP) N Sol¢ EFVs(CFPc) = EFVs(Cpp) N Solc.  (95)

Proof of Theorem 4. The (non-disjoint) decomposition of the solution space into faces of
the flux topes FC<y, (resp., FP<y) follows from Lemma 7 or directly from the fact that all
vectors of the conical hull cone(v!,..., v*) = {Bv' +...+ B,v" | B1,..., Bu > 0} and of
the convex hull cono(v',...,v") = {a;vi + ...+ a,v" |y, ..., an > 0,01 +... +ay =1}
of given vectors vl ... v'ina flux tope, thus in a closed orthant (so the sum is conformal),
have their supports included in supp(v') U... U supp(v"), which is the support of any
vector v in cone™ (vl, ...,v") or conv™ (Vl, ..., V"), thus their signs being less than or equal
to the sign of v, and from the fact that a face of a polyhedron is the Minkowski sum
of the convex hull of its vertices and the conical hull of its extreme vectors. Thus, if a
vector v of a flux tope FC<;, (resp., FP<y) belongs to the solution space, the minimal
face of FC<y, (resp., FP<y) containing v is completely included in it. As a sign-monotone
constraint is sign-invariant, the results of Theorem 1 apply and provide formulas for EFVs
and EFPs. Thus remains only the case of EFMs. Now, if an elementary flux mode v of
the solution space were not support-minimal in FC, a nonzero vector v/ would exist in
FC with supp(v') C supp(v). Moreover, we could choose A € R such that v/ = v — Av/
is nonzero, belongs to FC and verifies supp(v") C supp(v) and sign(v") < sign(v). From
the sign-monotonicity property of the constraint, v/ would also satisfy the constraint and
would thus belong to the solution space, which would contradict the fact that v is an
elementary flux mode in this space. Therefore, v is an elementary flux mode in FC and we
get the result for EFMs. O

Of course, in the decomposition of CFC¢(x) or CFC¢ (resp., CFPc(x) or CFPc) as a
union of certain faces of the FC<y,’s (resp., FP<y,’s), we can only keep those faces which
are maximal. Theorem 4 applies in particular to all thermodynamic constraints, to those
kinetic constraints and to those very few regulatory constraints described in Lemma 6.
In particular, we directly obtain (except of course the reference to tsy) Proposition 2 for
thermodynamic constraints TC and TC?, as well as the structure of the solution space as
a union of flux cones (resp., flux polyhedra) for kinetic constraints KC and KC? (in the
absence of bounds on enzyme concentrations) and the characterization of elementary fluxes
and elementary flux modes given by Proposition 5, which proves that these results depend
only on the fact that these constraints are sign-monotone.

Note that the knowledge of EFVs, equal to EFMs, of CFCc (resp., and of EFPs of CFP¢)
is not good enough to reconstruct the structure of the solution space CFCc (resp., CFP¢)
as a union of polyhedral cones (resp., polyhedra). For this, it is necessary to know the
(non-disjoint) decomposition {E; } of these EFVs (resp., and EFPs) as extreme vectors (resp.,
and extreme points) of the faces F; of the flux topes FC<, (resp., FP<4) that constitute the
solution space. The E;’s are exactly the maximal subsets of EFVs (resp., and EFPs) whose
conformal conical hull (resp., conformal convex hull) is entirely contained in the solution
space: coneg, (E;) C CFCc (resp., and conve (E;) € CFPc). By analogy with LTCS, we will
call each such E; a largest C-consistent set of EFVs or EFMs (resp., and of EFPs), noted
LCSc.
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In order to deal with enzymatic capacity constraints, we generalize the sign-monotonicity
criterion exactly in the same way we generalized the sign-invariance criterion. A constraint,
Cx(v) (resp., 3xCx(v)), is said to be contracting-sign-monotone if, when satisfied by one
vector, it is satisfied by any vector with a smaller or equal sign which is not greater (on
each component) than the vector itself, i.e., by any vector that belongs to the rectangle
parallelepiped defined by the null vector and the given vector:

Cx(v),sign(v') < sign(v),Vilvi] < |v;| = Cx(V') (96)

IxCx (v), sign(v') < sign(v),Vi|vi| < |v;| = IxCx (V). 97)

Obviously a sign-monotone constraint is contracting-sign-monotone and, if the Cx(v)’s
are contracting-sign-monotone for all x, then 3xCx (V) is contracting-sign-monotone. Fur-
thermore, any contracting-sign-monotone constraint is contracting-sign-invariant.

Example 11. The argument given in Example 9 to establish that the kinetic constraints KCyy(v)
Equation (81) and KC’ (v) Equation (77) are contracting-sign-invariant in the absence of positive
lower bounds on enzyme concentrations (i.e., when E~ = 0), proves in fact that they are contracting-
sign-monotone.

Lemma 8. The kinetic constraints KChy and KCP are contracting-sign-monotone in the absence of
positive lower bounds on enzyme concentrations (i.e., when E~ = 0).

Theorem 5. If C = Cy(v) (or C = 3xCy(v)) is contracting-sign-monotone, then CFCc¢ is a
0-star domain and there exists a neighborhood N = ]—8,+6[" of 0 for a certain § > 0 such that
CECc N N is a finite union of N-truncated polyhedral cones, which are the intersection with N of
faces of the flux topes FC<y,. In addition, results (94) regarding EFV's and EFMs hold in N, i.e.,
for sufficiently small fluxes. The same holds for CF Pc with flux topes FP<y, if 0 is an interior point
of FP, and in this case results (95) regarding EFV's and EFPs hold in N.

Proof of Theorem 5. The proof becomes identical to that of Theorem 3 by using the proof
of Theorem 4. O

Theorem 5 tells us that the result of Theorem 4 for sign-monotone constraints regarding
the geometrical structure of the solution space and the determination of elementary fluxes
and elementary flux modes applies identically for contracting-sign-monotone constraints
locally in a neighborhood of 0, i.e., when considering only pathways with sufficiently
small amounts of fluxes. It applies in particular to those kinetic constraints described in
Lemma 8, providing the result for the structure of CF CKCK/I and CFCy v quoted in the last

part of Proposition 5.

Finally, Proposition 11 extends straightforwardly to the case where we have to
deal with both one sign-monotone constraint and one sign-invariant constraint. As a
sign-monotone constraint is sign-invariant the conjunction of the two constraints is sign-
invariant and Theorem 1 applies.

Theorem 6. The space of flux vectors in FC (resp., FP) satisfying both a sign-monotone constraint
and a sign-invariant constraint is a finite disjoint union of open polyhedral cones (resp., open
polyhedra) which are certain open faces of the flux topes of FC (resp., FP). The elementary
flux vectors (resp., elementary flux points and vectors) are those of FC (resp., FP) that satisfy
both constraints.

Note that, in the case of FC, Theorem 2 applies also to determine elementary flux
modes and support-wise non-strictly-decomposable vectors.
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3.3. Consequences on the Computation of Elementary Fluxes

From the results above, we will see that the computation of elementary fluxes in
the presence of a sign-monotone constraint can be efficiently performed with the Double
Description (DD) method.

First let us briefly remember the principle of the DD method [11]. This is an algorithm
that takes as input the implicit description of a pointed convex polyhedral cone C as its
representation matrix, i.e., a finite set of homogeneous linear inequalities defining C as the
intersection of the corresponding vector half-spaces, and produces as output the explicit
description of C as a (minimal) generating matrix, i.e., the set of extreme rays of C. More
generally, it can deal in the same way with a pointed convex polyhedron P producing, from
a finite set of linear inequalities defining P as the intersection of the corresponding affine
half-spaces, the explicit description of P as two generating matrices providing respectively
the vertices of P and the extreme rays of Cp. As the first are obtained as the extreme rays of
the pointed cone obtained from P by adding one dimension to the space and considering
the conical hull of P from an origin of this extended vector space, it is enough to explain
how the DD method works on pointed convex polyhedral cones. The DD method is
an incremental algorithm that processes one by one each of the n homogeneous linear
inequalities defining C. At each step i,1 < i < #, it builds the intermediate extreme rays of
the intermediate current cone C; defined by the i first linear inequalities from the knowledge
of the extreme rays of C;_1 built at previous steps and of the ith linear inequality. At the
end, for i = n, C; = C and the extreme rays are thus obtained. The ith linear inequality
defines a half-space H;" with a vector hyperplane H; as a frontier. All the extreme rays
of C;_1 that are on the right side of H;, i.e., belong to Hl+ , are extreme rays of C; and thus
kept; all those that are on the wrong side do not belong to C; and will be discarded; the
new extreme rays at step i appear from the intersection of C;_; with H; and are obtained as
the intersection with H; of the 2-faces of C;_1 defined by two adjacent extreme rays, one on
each side of H;. We therefore just need to keep and update at each step this list of pairs
of adjacent extreme rays and, when the ith linear inequality is processed, each such pair
with elements on both sides of H; determines with H; an extreme ray for C;. The key fact is
that each new extreme ray built at step i is the conical sum of two extreme rays existing at
step i — 1 and, as we will proceed by flux tope, i.e., in a given closed r-orthant, this sum
is conformal and the support of this new extreme ray is the union of the supports of two
previously existing extreme rays. Moreover, similarly, this new extreme ray, if involved
in the next steps as a member of a relevant pair of adjacent rays, in order to build a new
extreme ray, will have its support included in the support of the latter one. Finally, all we
need to do is initialize Cy. For a flux cone FC defined by Equation (6), what has been shown
as the most efficient initialization is to start from a basis of the nullspace of S (the authors
of [43] proposed a method to compute EFMs directly as linear combinations of the vectors
of a basis of this nullspace but it turned out to be less efficient than DD), and this basis (of
size r — m by assuming S of full rank) can be chosen so that » — m of the r linear inequalities
are satisfied (we consider here the worst case corresponding to the highest number of such
inequalities, i.e., 71 = r, which happens in particular if each reversible reaction is split into
two irreversible ones). There thus remain m linear inequalities to satisfy, i.e., there are
n = m steps in the DD algorithm.

Let us now consider a sign-monotone constraint C. From Theorem 4, the EFVs
(identical to EFMs) of the constrained flux cone subset CFC¢ are simply those of FC, i.e., of
all its flux topes FC<y; successively, that satisfy constraint C (and the same is true for EFPs
of CFPc). Therefore, we just have to build the extreme rays of each FC<;, by using the DD
algorithm as presented above and filter those that satisfty C. Obviously a filtering at the end,
once all extreme rays built, will not at all improve the efficiency. However, by exploiting
the key fact that any newly built extreme ray at a certain step, if used in other next steps to
build other new extreme rays will have necessarily its support included in each support
of the latter ones, and exploiting the sign-monotonicity of C, we can conclude that, each
time a newly built extreme ray does not satisfy the constraint C, it can be immediately
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discarded because not only it has no use at the step of its discovery but also no use at
the future steps as all extreme rays, in the building of which it could be involved, would
have a larger support and thus would thus not satisfy C either. Thus, the computation of
elementary fluxes or elementary flux modes in the presence of a sign-monotone constraint
can be fully integrated into the incremental DD algorithm, the filtering of the extreme rays
satisfying the constraint being achieved at each step when they are newly created. The
extra-cost is having to check all intermediate extreme rays built for satisfiability by C (for
most constraints, this can be practically instantaneous) and the gain is that all intermediate
extreme rays for which this checking gives a negative answer are discarded.

Proposition 13. Given a sign-monotone constraint C, the EFV's (or EFMs) of the constrained
flux cone subset CFC¢ are obtained by the DD algorithm as the extreme rays of each flux tope
FC<y by filtering out at each step all those newly built extreme rays that do not satisfy C.

This result applies in particular to thermodynamic constraints TC and TC? [44,45] and
to kinetic constraints KC and KC (in the absence of bounds on enzyme concentrations).
Actually, for TC (or KC which is identical from Proposition 5), Proposition 3 demonstrated
that the criterion for an extreme ray to be thermodynamically satisfiable is to belong to a
given fixed open half-space delimited by a vector hyperplane. Checking this satisfiability
thus boils down to computing the scalar product of the extreme ray with a fixed vector
(normal to the hyperplane and oriented towards the half-space) and verifying it is positive.
In this case, as it has been shown, it is much simpler to integrate this thermodynamic
constraint as one supplementary (1 + 1)th homogeneous linear inequality and we can
choose for example that it is processed first by the DD algorithm. However, as it has been
already pointed out, providing the list of the extreme flux vectors of CFC¢ does not provide
its structure in terms of a union of polyhedral cones. For this, we have to identify all the
LCSc’s, i.e., the maximal subsets of those extreme flux vectors whose conformal conical
hull is entirely contained in CFCc. For each flux tope FC<y,, this amounts to computing all
maximal upper bounds for sets of signs of those extreme rays built from this flux tope such
that any vector of this tope with a sign equal to such an upper bound satisfies constraint C,
as the vectors of the strict conical hull of a subset of extreme rays have as a common sign
the upper bound for the signs of these extreme rays. To each such upper bound identified
is associated the LCSc made up of all the extreme rays whose signs are smaller than, or
equal to, this upper bound.

For sign-invariant constraints, and thus for regulatory constraints, no such incremental
filtering is possible as a newly built intermediate extreme ray may have a sign that does not
satisfy the constraint but may participate at some later stage in the construction of other
new extreme rays (with necessarily larger supports) whose sign will satisfy the constraint.
Thus, such an extreme ray cannot be discarded. In addition, we saw in any case there is no
longer identity between those EFMs of FC that satisfy the constraint, the EFMs of CFC¢
and the support-wise non-strictly-decomposable vectors in CFC¢ and, as only the last two
are biologically relevant, computing only the first ones would be of limited interest.

4. Conclusions

The analysis of metabolic networks in a steady state takes classically into account
only stoichiometric and reactions irreversibility constraints. In this context, well-known
pathways have been introduced, such as elementary flux modes EFMs, expressing the
property of minimality, or elementary flux vectors EFVs, expressing the property of non-
decomposability (which coincide in this standard framework), that are biologically relevant
in their own and from which all pathways, whose structure is a convex polyhedral flux
cone FC, can be reconstructed. However, first, the computation of these EFMs or EFVs
is hampered by the combinatorial explosion of their number in genome-scale metabolic
models, and, second, most of them are biologically irrelevant, because other important
biological constraints are not taken into account. With the objective of both enumerating
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only biologically feasible EFMs or EFVs (without filtering them afterwards) and, as there
are considerably fewer of them, improving the scalability of this computation, we took
into consideration in this paper on one side thermodynamic and, more generally, kinetic
constraints and on the other side regulatory constraints, and we tackled the problem of
revisiting in this new extended framework the concept of EFMs and EFVs and, more
largely, of characterizing the geometry of the solution space. Actually, we considered a
more general conceptual framework for constraints, namely their property to be compatible
with vector signs (i.e., with vector supports separately in each closed r-orthant), because
most properties of the geometrical structure of the solution space happen to depend only
on this very general sign-compatibility of constraints. This is how we demonstrated, for
constraints which are sign-monotone (i.e., once satisfied by a certain vector are satisfied
by any vector with smaller or equal sign), which is the case of thermodynamic constraints
and of kinetic constraints in the absence of bounds on enzyme concentrations, that the
solution space is a union of convex polyhedral cones, which are certain faces of the flux
topes of FC, and that the EFMs, which still coincide with the EFVs, are simply those of FC
that satisfy the constraint. In addition, we showed that their computation can be efficiently
integrated into the classical double description algorithm, as each newly built intermediate
extreme ray that does not satisfy the constraint can be filtered out at each incremental
step. For the specific case of thermodynamic constraints or of kinetic constraints in the
absence of bounds on enzyme concentrations, we demonstrated that their solution spaces
are identical and, when there are also no bounds on metabolite concentrations, made up
of those maximal faces of the flux topes of FC which are entirely contained in a fixed
open vector half-space and thus that the EFMs are simply those of FC belonging to this
half-space and thus computable by adding one single homogeneous linear inequality to
the initial (stoichiometric and reactions irreversibility) ones. The situation is more complex,
and challenging from a computational perspective, for constraints which are only sign-
invariant (i.e., once satisfied by a certain vector are satisfied by any vector with the same
sign), which is the case of regulatory constraints. We showed that in fact sign-invariant
constraints are constraints that are support-invariant in each closed r-orthant separately
and that support-invariant constraints coincide with regulatory (Boolean) constraints,
therefore regulatory constraints are prototypical of sign-invariant constraints. For such
sign-invariant constraints, we demonstrated that the solution space is a finite disjoint union
of semi-open convex polyhedral cones, obtained from certain faces of the flux topes of FC
by removing certain of their own faces of lesser dimension, and that the EFVs are simply
those of FC (equal to the EFMs of FC) that satisfy the constraint. However, these cannot be
efficiently computed by the double description algorithm because they cannot be filtered
out during the incremental process. In addition it is no longer true that EFVs identify
with EFMs, as it exists in general minimal solutions that are decomposable, and that EFMs
identify with support-wise non-strictly-decomposable vectors (a new property that we
introduced and which is the proper one to express non-decomposability in this general
framework, in terms of support non-decomposability), as there are in general such support-
wise non-strictly-decomposable solutions that are not minimal: there are usually strict
inclusions between these three sets and we provided again a complete characterization of
the two latter ones. Finally, we extended all these results to the case where inhomogeneous
linear constraints (expressing for example capacity constraints or bounds on fluxes) exist,
dealing thus with a convex flux polyhedron FP instead of a flux cone FC. Basically, most
of the results regarding the geometrical structure of the solution space in the presence of
the above biological constraints remain the same with cones replaced by polyhedra.
Future work will be carried out along two paths. First, the present theoretical work
will be extended to minimal cut sets (MCSs). Such MCSs are defined as minimal (for set
inclusion) sets of reactions whose deletion will block the operation of given objectives or
target reactions (as, e.g., those producing some toxic or undesirable product), i.e., removal
of an MCS (that is, the knockout of its reactions) implies a zero flux for the target reactions
in a steady state. MCSs are important for computing intervention strategies, e.g., for
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metabolic engineering. It is obvious from this definition that, for a metabolic network
modeled in a steady state by a flux cone FC, the MCSs are the minimal hitting sets of
the set of target EFMs (identical to EFVs of the given metabolic network (i.e., the set
of EFMs that comprise at least one of the target reactions), where a hitting set of the
target EFMs is a set (of reactions) that has a nonempty intersection with each one of these
EFMs. Moreover, this generalizes to a metabolic network modeled by a flux polyhedron
FP by using EFPs. This gives an indirect method for computing MCSs [46,47] from the
preliminary computation of EFVs (or EFPs) that can be applied in the presence of biological
constraints by using the results obtained in this paper. However, it is known that there is
also a method for computing MCSs directly as the EFVs of a dual network [48,49], obtained
basically by transposing the stoichiometric matrix of the original matrix (thus in some
sense, exchanging reactions and metabolites). We will therefore study how to define this
dual operation properly for metabolic networks in the presence of biological constraints
in order to preserve this result (or most of it). Second, the algorithms described in this
paper will be implemented and testing conducted on metabolic networks described in the
literature for which biological (thermodynamic, kinetic or regulatory) data are known. As
it has been shown, the computation of elementary flux vectors (or elementary flux points)
boils down to filtering those of extreme rays (or vertices) in each flux tope which satisfy
the biological constraints. Moreover, for sign-monotone constraints as thermodynamic
constraints or kinetic constraints in the absence of bounds on enzyme concentrations,
this filtering can be easily integrated at each step of the incremental double description
method, so it is natural to rely first on this method which benefits from very efficient
implementations. In the absence of bounds on metabolite concentrations, the advantage
is obvious as it is just necessary to add one step (i.e., one homogeneous linear constraint
to deal with) in the DD algorithm. It has nevertheless been shown that at most 50% of
the EFVs can be ruled out that way, which is clearly insufficient to scale up to GSMMs.
Adding bounds on metabolite concentrations has already proved capable of ruling out a
higher percentage of EFVs. This is achieved by checking the extreme rays at each step of
the DD algorithm thanks to a call to a linear programming solver and it will be interesting
to compare its efficiency with the method given by Proposition 4 which does not need
using an LP solver but has the disadvantage of requiring reasoning in a higher dimension.
As the structure of the solution space cannot be deduced from merely the knowledge of
the EFVs but requires the identification of the largest consistent (w.r.t. the constraints) sets
of EFVs, efficient computation of these LCS¢’s will be studied. We can reasonably think
that scaling up will be obtained only by dealing with all biological constraints together.
However, as it has been shown, handling regulatory constraints poses serious problems as
these constraints are not sign-monotone and thus filtering of the EFVs that satisfy them
cannot be integrated incrementally into the DD algorithm. In addition the structure of
the solution space as union of semi-open polyhedral cones (or semi-open polyhedra) is
more complex and pathways of interest for biologists, such as elementary flux modes or
support-wise non-strictly-decomposable vectors, no longer coincide with EFVs and require
more complex computations to be identified. Algorithms will be carefully studied for
maximal efficiency and novel ways of using the DD method or the use of other methods
recently proposed such as local reverse search or satisfiability based methods [42,50] will
be investigated
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