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Sensitive Analysis”.

Bibliographic references in this document are independent from those of the main
manuscript.

S1. Model Derivation

In this section, we will deduce brand-new expressions of the BEWARE operator. We
will work in a general framework, where we will assume that the gen expression is con-
trolled by a general number of cooperative transcription factors (TFs). In the literature, both
competition and cooperativity have been determinant factors that tend to convolute greatly
the mathematical expressions, even in the most simple case of two transcription factors.
Hence, in order to get to the right expression of the BEWARE operator, we first need to
declare briefly which are the model assumptions and, from there, how the competition
and cooperativity are defined. Let us consider a promoter of a gene p controlled transcrip-
tionally by the TFs 7 = {Tj, ..., Tm } by binding competitively to a module of n enhancers.
We consider that some of the TFs will increase the production rates of the protein P while
the rest try to repress the same rates. Thus, 7 is divided into two different families, M,
activators 7y = {Ty, ..., Tpy, } and M, = M — M, repressors Tr = {Tp,+1, .., Tm} such that
T = {Ta, Tr}. The goal of the statistical thermodynamic model is to describe the synthesis
rate of P in terms of the TFs concentrations and their activator/repressor rol, that is,

% = BEWARE([Ty], ..., [Tm]) (S1)
where “BEWARE()” is the function specifying the dependence on the TFs, and is subjected
to the biochemical mechanisms involved in all these processes. Our aim in this section is to
show a methodology for deriving explicit simple analytical expressions for the BEWARE
operator by using thermodynamic modelling. Although it is out of our main goals, let
us remark that the right-hand side of model (S1) is usually accompanied with with a
degradation contribution, —B[P], § being a degradation rate [1].

As mentioned in the introductory section, in this work, we will distinguish between
models based on either recruitment or stimulated mechanisms assumed for the RNA
Polymerase (RNAP). In order to clarify the difference between these two models, we
enumerate in the next paragraphs the main assumptions that are used in order to develop
them. We also outline in Figure 1 in the main manuscript the biochemical mechanisms,
which are mainly related with affinity, cooperativity or the manner in which TFs control
transcriptional activity.

§1.1. Thermodynamic Description of Microscopic Configurations: Assumptions

H1) Separated time scales: The reactions driving transcriptional control are much more
faster than the changes in TF concentrations and the synthesis of the protein P. Thus,
TFs/RNAP binding in enhancers/promoter will be considered in thermodynamical
equilibrium given by the Law of Mass Action [2]. For instance, in chick embryo neural
tube Shh signalling, it has been pointed out that changes in Gli protein concentrations
take place at a timescale of days compared to mRNA variations in timescales of
minutes or hours [1,3].
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H2)

The binding of a TF T; to one of the n free binding sites, B, can be interpreted as the

chemical reaction
Kl
+i
T; + B < BT,
kY
where the Law of Mass Action establishes that the complex BT; has a concentration at
equilibrium given by

(1)
BT = i8] = 1 3.
k)

1 1

)

= kg) / k(jl) is the dissociation constant of the reaction,

with units of concentration so that the quotient I[ﬁ]) is dimensionless. The superscript

In the notation proposed, Ki(1

(1) stands for the dissociation constant of a reaction that takes place in the absence
of another TF previously bound in the enhancer module. The dissociation constants
quantify the affinity of the TFs for their binding sites, being more affine those TFs with
lower dissociation constants. The binding of a RNA polymerase in a free promoter
follows the same rule, whose concentration at equilibrium is

[BRNAP] = :*RI’ [RNAP][B] := M[B}.

~RP Krp
Please note that Krp does not need any superscript since we are working with bi-
ological modules that are controlled by n enhancers but only one promoter, hence
the maximum number of bound RNA polymerases is reduced to one. In Figure 1, in
the main manuscript,these admissible bounds are indicated by black doubled sided
arrows.

TFs binding sites, B, are constituted by n identical sites that can be occupied competitively
by any TF. The basic rule of this competition is that the dissociation constant of the
free sites configuration does not depend on their position but might depend on other
existing bound TFs in the same module.

Let us suppose the reaction of the binding between a molecule T; and a free enhancer
configuration B occurred. Then, if a second molecule T; binds to this configuration,

we have
el

T;+ BT, == BT,T|
K

with respective equilibrium concentration

[Ti[T;

Ki(l)K]Q)

[BT;Tj] = [B]

where now the superscript (2) denotes the dissociation constant for a reaction of a
TF that binds the operator with already one TF in some other site. Let us note that
previous expression is independent of the enhancers occupied since we are considering
them identical. Note that the product could be also obtained by simply changing the
order of linkage of the TFs, i.e.,

k)
T; + BT; = BT;T;
K2

—1

although the corresponding concentration could not be the same as we explain in the
next paragraph.
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In biological literature [4-7], it has been observed that, in this competition for the
enhancers, a well known mechanism could be involved, called cooperativity, that
assumes that one ligand supports the binding of others [8]. Thus, we will call non
cooperative to TFs all those proteins whose enhancer’s affinities are not modified

because of any previously bound TFs, that is, they verify Kl(z) = Kl(l) foralll =1,..., M.
If that is the case, it is plausible to assume the same relation for later bindings, that

is, Kl(m) = Kl(l) for m > 2, and, as a consequence of this sequential independence, we
will denote the dissociation constant by K; skipping the superscript. Then, if all the
TFs under consideration are non-cooperative, we easily deduce that the concentration
at equilibrium of a generic configuration with j; proteins of the T; species is

1 piMy M @ Ji S
[BTY'... Ty [B]E( %, ) (S2)

independently of the sequential order of binding and of the specific positions occupied

for the TFs. Let us recall that, since # denotes the total number of free binding sites for
M M

TFs, then Y j; < n has to be verified. jo = n — Y. j;(> 0), subsequently, will denote
i=1 i=1

the number of free spaces in the configuration.

Cooperativity, or anti-cooperativity, occurs when the existence of another previously

bound protein, T;, affects the affinity of the new binding protein T; (cooperativity is

represented graphically by dotted arrows in Figure 1 in the main text. If the binding

process of a protein Tj is facilitated by another already bound T; protein, TF-TF

cooperativity, this can be modelled by considering;:

K](Z) = K](l)/c being ¢ > 1.
Anti-cooperativity can also occur when the bound protein impedes the binding of the
protein Tj, which can also be modelled by the previous expression where c is now a
positive constant smaller than 1. Since the only difference between cooperativity and
anti-cooperativity is a threshold value for ¢, in the subsequent considerations about
modelling, we will refer to the constant ¢ and not distinguish between both cases.

If cooperativity occurs in the presence of multiple TFs, it would be necessary to know
which TFs are affected by other TFs, since the equilibrium concentration will depend
on these relations. Regarding this question in the literature, several options have been
considered. Partial cooperativity [5] would occur when the existence of a specific TF,
T;, modifies equally the affinity of any posterior transcription factor binding of the
same family, which is Ki(m) = Kl(l) /c; for m > 2. Total cooperativity [7] would occur
when the presence of any bound TF, T;, modifies the affinity of any posterior binding

in the same manner, i.e., Kgm) = K(l)/c form > 2 and j = 1, ..., M. These relations

have been represented in Figure 1 in the main text with red dotted arrows. Then, by
direct adaptation of the previous considerations, we have that

M .
. . ): j,‘*l M A Ji
[BT]..T}M] = [B]c(f=1 >+ I ( LIZ{] ) (S3)
=1\
in the presence of total cooperativity while
‘ . M Ji
i—1 T;
BT} ..y = (B [T e <[1<]> (S4)
i=1 i

if partial cooperativity for TFs occurs. Here, (-)1 denotes the positive part function
needed because cooperativity is not present unless two or more cooperative TFs are
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H3)

present in the configuration. Subsequently, we will denote by {{Tj, ..., T; }.} and
{{T1}e;s s {Trmi}cy + the total and partial cooperativity, respectively. Let us observe
that this notation covers the case of non cooperativity since it would correspond to the
case {{Ty,..., Tp}1} or equivalently {{Tj },..., {Tar}1}. Since cooperativity has been
described to cause deep changes in transcriptional logic [9], in this work, we present
our results generalising both partial and total cases. The straightforward extension of
total-partial cooperativity concepts is to consider that total cooperativity can occur only
between some of the TFs, that is, between the elements of certain subsets of transcrip-
tion factors. We will refer to this as mixed cooperativity, {{71}c,, ..., { TN }cy }, where
7Ti denotes each of the N disjoint subgroups of TFs cooperating with cooperativity
constant c;. By analogue arguments, we obtain that, for mixed cooperativity,

, (S5)

i=1 i=1

[BT{]...T]];%] = [B] ﬁci<hezf,'jhl>+ lﬁ([};})];

where Z; = {h; Tj, € T;} is the set of subindexes of the TFs belonging to 7;. Let us note
that this approach of mixed cooperativity is new and, as far as the authors know, it
has not been proposed in previous literature. As we will see in the next paragraphs,
this generalization will become very handy since we can deduce the expressions of
different cooperative cases from this description.

The action of a bound TF is independent of the specific enhancer it is occupying, so the
transcriptional contribution of configurations with the same number of TFs bound at different
specific positions is the same. Since the TFs compete for free enhancers, and there is
not a predetermined binding order [10], multiple spatial configurations of occupied
operators are allowed. Thus, in general, there is not a unique spatial distribution for a
given configuration with a distribution of (ji, ..., jp) bound transcription factors and
jo free sites. For instance, if we consider n = 3, M = 3 and j; = j» = j3 = 1, there
are six possible spatial distributions with the same elements (111,13, T,T1 T3, T1 T3 1>,
T, 13Ty, T3T; Ty, T3T,Ty). In our description, spatial localisation of bound particles
is not relevant, so, for a concrete configuration (ji, ..., jpr) and jo free sites, we will
identify the —*— spatial different plausible configurations.

jo! T ji!
i=1

Assumption H2) and H3) describe the possible configurations of TFs bound to the

binding sites. Let us observe that these assumptions not only imply the spatial but also
the sequential independence of the equilibrium concentrations. As mentioned in the
introductory section, our deduction separates now into two modelling versions: the re-
cruitment and the stimulated approaches [11,12]. Our next hypotheses describe the RNA
polymerases/promoter binding process in both versions.

HR4)Recruitment assumption: TFs work by bringing the transcriptional machinery by TFs/RNAP

(anti-)cooperativity [12,13]. In [6], the synergy between a TF and RNAP is interpreted in
terms of a “glue-like” interaction that would give rise to a modification of the RNA
polymerase binding affinity modelled analogously to a TFs/RNAP cooperativity:
each bound activator tries to pull the RNA polymerase in the promoter, modifying

M,
its affinity constant with a factor ] a;l, where we denote a; > 1 to the i-th activator
i=1
transcription intensity for i = 1,..., M. On the other hand, in a symmetric manner, we
can model the effect of M — M, repressors in terms of a “repulsive-like” interaction

M .

by modifying the RNAP binding affinity with a factor [] 1’5", where 7; < 1is the
i=M,+1

i-th repressor transcription intensity for i = M, —1,..., M in this case. Then, in general,

the RNAP binding affinity will take the form
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Krp

M .7
I1#
i=1'

witht;=a; >1Vi=1,.,M;andt; =r; <1Vi=M;+1,... M. These TFs/RNAP
cooperative type interactions are indicated by a blue dotted arrow in Figure 1 in
the main text. Please note that this description is in concordance with the affinity
definition: If the denominator is larger than one, then the RNA polymerase will be
more affine. Since the denominator depends on the number of transcription factors
and their activation/repression intensities, we are promoting or impeding the RNA
polymerase cleavage, hence promoting or impeding the transcription itself.

HS4)Stimulated assumption: Unaltered affinity of the RNA polymerase at the promoter, that is,
the binding affinity of the RNA polymerase to the promoter, Kgp, is invariant with
respect to the bound TFs.

It is important to remark that only very few of the regulatory motifs shown in [6]
match with the generality presented in this work. More concretely, the cases of simple
repressor and activator coincide with the case of a single binding site, n = 1, and glue-like
interaction for activators and total repression, r = 0, for repressors. This comes from the
specific character of the binding sites considered in [6], i.e., one binding site can be only
occupied by a unique kind of molecule, which does not allow the competition we are
describing in this work.

Let us consider the multi-index j = (ji, ..., ju) € N M with j; the number of bound TFs
of the i-th species in the set of enhancers, jy the number of free sites and jp = 1 if there is a
bound RNA polymerase and jp = 0, otherwise. In summary, we have that all the possible
ways of obtaining an equilibrium concentration with (J, jp) TFs-RNAP bound is given by
the microstates

. 1 M /TN Ji
20 i =1,0) = c(e)-- [B]CRIZXAP])H(ZET,’]) , (S6)
IT ji! o
i=0

n! M T\ i
20 =0,0) = cer—mlI(F)
it =
=0

1

if the recruitment approach, HR4), is assumed and

) (7 i _ n! [RNAP]\/» M 7 [T}] ji
e o ]MI ji! [B]( Kgp ) E( K; ) (S7)
i=0

when stimulated assumption HS4) is considered. In both cases, the variable C describes the
relation of cooperativity, if it exists, between the TFs. More concretely, by using (S3), (54)
and (55), and the cooperativity function C takes the value

C(C = {Ty,., Tu}e) = C<f5jf_l>+, (S8)

when total cooperativity holds,

M .
CC = {Ti}ey, o {Tia}en}) = [T 7V, (9)
i=1
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if partial cooperativity is verified, and finally

C(C = {Tiber - ATibe D) =[], (510)

1

N r jh 71)
<heIi +
=1

when mixed cooperativity occurs. Let us observe that definitions (56)-(S7) are absolutely
consistent with the usual convention 0/ = 0 when j > 0 because, in the absence of certain
binding particles, it is impossible to obtain any configuration with those kinds of particles,
and 0! = b* = 1 with b > 0 since configurations with no bound particles of a certain type
are independent of that substance concentration.

51.2. Configuration Probability

Now, the thermodynamic methodology proposes to describe from previous calcula-
tions a probability for any possible configuration [14,15]. Let us notice that the sample
space is determined by the multi-indices set

g

Q={Gjp);jeN), [jl<n, jp=0,1},

L. M
where the constraint on |j| = Y j; < n is due to the limit of capacity of the n enhancers
i=1
for accepting bound TFs. Now, using the description of all the possible configurations
in terms of the concentrations of TFs and RNA polymerase, we define the probability of
finding the module in a particular configuration of jp RNA polymerase and j, ..., jpr TFs
with cooperativity function C as
. (n)(7 ..
PO jpi ) = — L UipC) (S11)
. Z0(f,jpiC)
{7ip}eq

for all (f,jp) € Q.

In the next subsections, these probabilities, corresponding to each microstate, will
be averaged (BEWARE operator) according to the recruitment/stimulated transcription
approaches.

51.3. Recruitment BEWARE Operator

In the work of Shea et al [15], the BEWARE operator for the synthesis of a certain
protein depends on the total probability of finding RNA polymerase in the promoter (i.e.,
proportional to the marginal distribution in the number of TFs evaluated at jp = 1). This
constitutes a new assumption, denoted by HR5, that has been widely used assuming
recruitment assumption HR4 (see, for instance, [5,6]). We will denote by the recruitment
BEWARE operator the function

BEWARE, (T, [RNAP];C) = Cg Y P (j,jp =1;C)

lfl<n

where, in definition (S11), expression (56) is assumed, and Cp is a proportionality constant.
Let us note that Cp could depend on the control exerted in other enhancer modules or
later stages of the whole genetic regulation process. Here, T denotes a vector collecting
the concentrations of all the TFs, that is, T = ([Ty],...,[Tm]), and C can be any of the
cooperativity relations established in assumption (H2) whose contribution is determined
by (58)-(510). Splitting the denominator in two sums, depending on the existence of RNA
polymerase bound to the configuration, this expression can be easily rewritten in terms of
the regulation factor function Fyeg:
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BEWARE, (T, [RNAP];C) = Cs = Cs (S12)
i<, ZMG0C) 14— Kre
1 Sllsns [RNAP|Frog (TC)

where

Freg(T;C) = — S p— (S13)
L 5= 11(%)
[fl<n l:[ji! =1

Let us mention that activators and repressors play symmetric roles, mathematically speak-
ing, since their activating/repressing nature is only reflected in the value of the parameter
t;, being bigger than 1 for activators and smaller than 1 for repressors.

51.4. Stimulated BEWARE Operator

On the other hand, the stimulated transcription approach associates to any config-
uration with a bound RNA polymerase a transcription density [3,7,16]. We will call this
new assumption HS5. In this point, we are going to follow the proposal of [7], adapted
in later works [17,18], where activators and repressors have to be distinguished. Let us
consider that T4 = ([T{], ..., [Tn,]) € RMa, Tg = ([Tag, 1), -, [Tm]) € RM the activators
and repressors vectors, and j4 = (ji, ..., jm,) € ZT“, R = (jMay1s -+ M) € ZT’ the number
of bound activators/repressors of the i-th specie, such that M = M, + M,. Considering the
standard concatenation operator, we have that T = (T, Tr) € RM and j = (j4, jr) € ZM.

Furthermore, it is necessary to fix the basal and maximal/minimal transcription levels
definition:

i) Tpgs is a basal transcription rate one would expect from a completely empty configura-
tion with no stimulated transcription at all. If basal transcription is not assumed, then
Yhas = 0.

ii) (vr(nrla)x + pas): is the level of maximal transcriptional rate of the system, given by a
configuration filled with n of the most powerful activator. The dependence of v,(,zla)x
with respect to the total number of enhancers can be justified from the experiments
developed in [5] (see Figure 4), where it was observed that a diminishing in the number
of enhancers produces a reduction in the maximal expression levels.

iii)  Tpasyy, With 7y < 1, the level of minimal transcriptional rate, that would correspond
to the configuration completely bound to the most powerful repressors, assumed to
be TM

From these basic levels and the probabilities P("), given by (S11) and (S7), the activa-
tion or repression levels of all the possible configurations are determined by the following
expressions:

(i) for states with RNAP but no bound activators, thatis j; = 0 foranyi =1,..., M,
M . .
ras| I 7 )P Gjp =1:0),
i=My+1

where 7); < 7; < 1is a constant that stands for the repression strength of the i-th
repressor.
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(i) and, in the opposite case, that is states with some bound activators (|j,4| > 0 that is
ji>0forsomei=1,...,M;)

M, . M . . M . o
(H%l) ( IT ?¥l> (rbas + o) T e 1 ]") P (fjp = 1;C),
i1

i=My+1

where ¢ < min{d;i = 1,...,M,} is a constant of transcriptional efficiency propor-
tional to free or repressor occupied enhancers, and 4; < 1 is a constant that stands
for the activation strength of the i-th activator, 4; = 1 being in the case of the most
powerful activator.

(iii) If we assume that the level of transcription of configurations with the same number of
activators and repressors should coincide independently of the total number of sites
in the configuration (n), this allows us to conclude a plausible expression for

(1)

1%
Vit = s (S14)

(1)

where vy, is defined in terms of the maximal transcription when only one enhancer
is available.

The synthesis of the protein under consideration depends, therefore, on the addition of all
these transcriptional efficiencies of states with a bound RNAP, which, written in terms of

n
the common factors ry,; and V,Sm)x, can be expressed as

BEWARE, (T, [RNAPJ;C)
(n)

_ "bas . Vinax =
= 17 Ko Basal(T;C) + T Promoter(T;C) (S15)
[RNAP] [RNAP]

in terms of the Basal and Promoter functions

z cog [H)] | f ()]

. [fl<n I1 jit Li=1 i=M,+1
Basal(1;C) = - M P , (S16)
L ce)y- I (i)
lfil<n ‘I;Ioji! i=1
Y C(C) gfo{ﬁ@gi])ff} f(zm)
lfl<n [jt L=t i=M,+1 i
= i=0
Promoter(T;C) = jal>0 ’ ‘ s17)
w7 (1T
L c@)- 11 (%)
ljl<n £10]'i' i=1

Let us note that, in [7], the particular expression of these functionals for modelling the
transcriptional rates of two Shh target genes was deduced, by acting on an enhancer module
with n = 3 sites, where M = 3 TFs can bind, M, = 2 of them being activators and M, =1
repressor. In that work, the theoretical expressions assume the same affinity for activators
and the repressor, and the activators have the same activation strength 4; = 4, = 1. Those
expressions also consider total cooperativity between TFs and the effects of RNAP, and its

affinity is involved in the constants r;,; and v,(,lrz)x.

Remark S1. A remarkable fact that can be pointed out from expressions(S12), (513), (S15), (516)
and (S17) is that all the BEWARE operators, independently of the biochemical mechanisms involved,
depend on the TF concentrations and their binding sites” affinities, [T;] and K;, respectively, but
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always through the quotients [T;]/K;. Despite being a trivial observation, this will be the key
ingredient for the appearance of the elasticity when the variability of the activation/repression
thresholds is analysed in terms of affinity variations.

These two approaches focus on the transcription process, which is the first mechanism
involved in the genetic activity control. However, the whole process can be affected during
the posterior RNA managing and interpretation. These processes in this work are assumed
to be linear, and their effects are undercover in the value of the constants Cg, rp,;; and v,(,l%
appearing in (512) and (S15).

51.5. Simplification of BEWARE Operators” Expressions

One of the key points of this work is the fact that the regulation factor (513), basal
(516) and promoter (517) functions can be explicitly computed giving rise to simple rational
and polynomical expressions whose analysis may contribute to the understanding of the
general biological process. These calculations exploit a classical strategy employed for
obtaining the derivation of the General Binding Equation more than a century ago [8]. For
instance, in [9], the authors take advantage of particular cases of these simple expressions
to deduce several transcription logics determined by the type of cooperativity between the
TFs in the framework of Hh target genes. We start by remarking that the regulation factor,
basal and promoter are rational functions where numerators and denominators correspond
to polynomial expressions that can be expressed using the next definition.

Definition S1. Let ¥ = (x1,...,xy) € RM, C any of the cooperativity relations established
in Subsections S1.1 (H2) and C(C) determined by (58)—(510). Then, we define the polynomial
function

1 .M
= Y c) 5[, (518)
i=1

jl<n I
i=0
.. > M |7 M . -
where the multi-index j € Ny, |j| = Y2, ji and jo = n — |j|.

Remark S2. Let us recall the vectorial notation for activators and repressors’ concentrations T =
([T], .. [Tmy]) € RM:, T = ([Ta, 1], - [Tia]) € RM, the whole set of TF concentrations
being T (TA Tr) € RM. In concordance wzth previous vectors, let us also conszder iicRM
be the vector of the activation intensities, a; > land d; <1 ,Vi=1,.., M, 7 Fe ]RM’ be the
vector of the repression intensities, r; , 7 < 1Vi=1,.., M,, K A€ Ry, be vector of the activators
binding affinities, and Kr € RMr be the vector of the repressor binding affinities. Then, (S13),
(516), (S517) can be equivalently written as

. 51" ((@o Ta/Ra,Fo Ta/Kr);C) )
Freg(T; = . ’ 19
’ 57 ((Ta/Ra, Tr/Re)iC)

Z(_’ C) Sgn)((EOTA/KA,I’OTR/KR ,C) (S )
Basal (T; = , 20
si" ((Ta/Ra, Ta/Re);C)

St"((FoTa/Ra, & o Tr/Ke);C)
5( ((TA/KA/TR/KR )

st( (8¢ T/ Rr);C) o
— 21

Promoter(T;C) =
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where X o ij and X/ij denote the Hadamard (pointwise) product and division operators. Let us
recall that the concatenation operator, (X, ), is used to express the main arqument of the previous
expressions.

Our aim is to compute equivalent simplified expressions for (518). In the case of
non-cooperativity, C(C) = 1, expression (518) can be very easily computed,

M /1
Sgn)((xlf-..,XM);{Tlp-.,Td}l) = <€+ Z%‘) , (522)
i=1

by direct application of the multinomial theorem. According to this result, we will adopt the

mathematical definition of (S18) for empty vectors, that is, when M = 0, as sé”) (-,-) =e".

On the other hand, in the presence of cooperativity, the multinomial theorem can
not be applied so straightforwardly, and, in this case, the expression of (518) is strictly
determined by the cooperativity relations (S8)-(59). However, as we state in the following
proposition, we can use our definition of the general mixed cooperation (510) and resume
all the possible cooperative cases in one general expression of the function Sé”).
Proposition S1. Let us assume C = {{T1}c,,.... { TN }cy } 0 general mixed cooperativity config-
uration, where Z; denotes the indices of the vector x of the N subgroups of TFs cooperating with
cooperativity constant c;. Then,

(n) N ' N (1—%)1 i
Se ((x]/-../xM);{{ﬂ}cl,-.., {TN}CN}): Z e+ Zh]c] Z X; Hijh (523)
hleo<1 = ier; )= (e)Y
heN)y

where the addition on the multi-index h = (hy,..., hy) € N considers all the possible combina-

tions where the components, hj, can only be 0 or 1, that is, |70 = maxj{h;} < 1.

In order to cover in this Proposition all the possible cooperative configurations, we first
describe an iterative rule which will allow us to concrete the desired result for any mixed
cooperativity configuration, covering as particular cases total and partial cooperativity.

Lemma S1. Let us assume a general mixed cooperativity configuration C = {{T1}¢;, ... {TN}en }»
where Z; denotes the indices of the vector x of the N subgroups of TFs cooperating with cooperativity
constant c;. Let us consider X; a vector collecting all the values xj, with h € I;. Then,

i) the reordering of the values x;, does not affect expression (518), in particular,
g ST T —s((z o )i {{ T Tx S24
e (X1,...,XM),{{ 1}61/--'/{ N}CN} e (.X'l,...,.X'N),{{ ]}Clr-"/{ N}CN} ( )

i) The value of sé") evaluated on N cooperating subfamilies of TFs admits a decomposition as the

addition of two Sg") functions evaluated on N — 1 cooperative families, according to the next
iterative rule:

55”) ((flz L EN_1,EN); {{7'1}C1, cor{ TN ey 1 AN ey })

1 )/, - "
= oS (R A en ) Ty o ATt Yoy 1o AT}

N (1 _ Cl)s§”> (1o B, O { (T ey ATt e AT )

N

(

Proof. Assertion 7) is obviously true since the value of Sgn) depends multiplicatively on x;.
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In order to prove ii), let us reorder the vector of indexes j = (ji,...,jn), N =
(ja+1,---,jm) being the M — a TFs cooperating with cooperativity cy. By splitting the
addition in terms those terms where jy is null and those where it is not, we can rewrite

sgn>(<f1,...,fN>; {Tike o (T} })

N -0, nt () [ A .
2 ¢ M elf Hxil H (Cin)]l
|<n i=1 I1 ji! i=1 i=a+1

i=0

| >1

\l\‘l

NG nt
+ ¥ H e H X (525)
Ifl<n N =1 [Tt N1
ljin|=0

Then, adding and subtracting the term

N |]l‘ 1 n! . o . M .
LB ) () (g o)
\]\<” 1 H ]l i=1 i=a+1

lin|=0

in the previous expression, we obtain (525)

1 N -0\ ot () [ )
= a ) < | Ci( )+ Te]o ngl . H (CNXI‘)]’
lfl<n \ =1 I ;! i=1 i=at+1

i=0
N-—1 i . o .
c(d) @ () e (11
N [l<n \i=1 IT ji! i=1
ivl=0 =0
1 )/, o S -
- asg )((xll"'/xN—llcN'xN)/‘{{ﬂ}C]/"'/ {TN—l}CN_ll{TN}l})
1 n N N =
+ (1 - CN>S§ )<(x1,~--,fo1,0); {{7'1}c1,-~-,{TN71}cN_1,{TN}1}) .

O
The previous iterative property allows us to face up to the proof of Proposition S1.

Proof of Proposition S1. The proof of the formula stated can be done by induction over
the number of cooperating subfamilies. As mentioned in the main text, expression (523)
reduces to (527) in the case of a single cooperating family, thatis, N = 1. (527) can be easily
deduced by applying S1 and taking into consideration (522). Let us assume as inductive
hypothesis that (S23) is valid when there exists N — 1 cooperative subfamilies. Then, by
using twice Lemma S1, we can write:
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s ((3?1, co N AN {{ T ey o A T ey { T bey })
1 n — = by 4
= —Sg ) ((x1, o XN_1,CNYN); {{Tl}clf wrATN-1}en_ 1, 1TN 11 })

cN
+ (1_61N>5§")((551/ 31,0 {{ T ey o {TN—l}CN—V{TN}l})
Sgn)((fﬁ, o, XN—2,CN-1¥N_1,CNXN); {{ﬂ}cw'r{TN—Z}CN—Z'{TN*UTN}l}}>
CNCN-1
1 (n)((x1, . /X"N—ZlalcNfN);{{7—1}(:1"”’{TN_Z}CN*2,{TN_1UTN}l})
() o
+ (1 - i})sgn) ((flf-'-,fN—ba)? {Ti}er, {TN‘l}CN*”{TN}l}) (526)

Since all the sé”) operators are evaluated on data with only N — 1 cooperating subfamilies,
we can apply to them the inductive hypothesis and observe that:
¢ the first term on the right-hand side of (526) would correspond to all the additive
terms on the right-hand side of (S23) with multi-indices of the form (hy, ..., hxy_3,1,1);
* the second term on the right-hand side of (526) would correspond to all the additive
terms on the right-hand side (S23) with multi-indices of the form (hy, ..., hy_2,0,1);
* the third term on the right-hand side of (526) would correspond to all the additive
terms on the right-hand side (523) with multi-indices of the form (hy, ..., hny_2,hn—1,0);
where all the /1; can be 0 or 1. Consequently, the addition of the three terms in (526) coincides
with the expression on the right-hand side of (523), which concludes the proof. [

Remark S3. From this general result, we can obtain, as particular cases, the value of (S18) in the
total and partial cooperativity cases. In the total cooperativity case, all the TFs cooperate between
them with the same cooperativity constant c, thus N = 1 and the possible values of b are only
h = (0) or i = (1), which leads to the expression

(n) 1\, 1 Mo\
S ((x1, o, xp);i{T1, -, T te) = <l—c>e + e+c) xi|. (S27)
i=1

Let us observe that this expression coincides with (S22) when ¢ = 1, that is, in the absence of
cooperativity.

On the other side, if TFs cooperate only between the proteins of the same species, we have that
N = M, Z; = {i}, and expression (523) reads

1-h;
(n) “ fu (1)
Se ((x1, -, xm)i{Ti}ers o ATMYen) = Y | e+ Zhjcjxj [[—=— i (S28)
hleo<1 j=1 j=1 Cj)
heN}
for any M. Especially useful for the next section will be the case of only two TFs, M = 2. In this
case, I can be (0,0), (1,0), (0,1) or (1,1), giving rise to the expression:

SI ((x1, %) {T1 Yoy { T }ep) = <1 - Cll) (1 - c12>e” (S29)

n n n
(e+c1x1) (11) . (e + cox7) <1l> n (e + c1x1 + c2x2)
1 2 2 €1 C1C2

+
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S2. Extreme Cooperativity Approach: Hill Modules

In this section, we are going to relate the developed thermodynamical modelling
with a very frequently employed modelling approach in genetic control, the Hill modules.
Using the analogy with Michaelis-Menten kinetic equations, some groups have proposed
Michaelis-like functions for modelling genetic control (see [19,20] and references therein).
This approach has been used in order to capture cooperativity effects via adding Hill
coefficients [21] to the Michaelis-like functions. It is frequently assumed in the literature,
see for instance[22-25], that the genetic transcription is controlled by combinations of Hill
type functions. For example, the transcription obtained by a single activator/repressor
corresponds to the expressions:

d[P] A" d[P] p

i “Gr A T @ T K r R

. (S30)

where « and f are proportional constants, and #, 7y correspond respectively to optional
basal or minimal expression levels.

In [19], the authors show that the Hill functions can approximate the transcription
rates under conditions of high cooperativity. In this section, we will show that, indeed, the
Hill functions (S30) can be framed into the thermodynamic approach by assuming extreme
cooperativity.

The stimulated BEWARE operators corresponding to a single activator/repressor
transcription factor would be obtained from (S15) and using

Lo+ - Lo

¢ A

(1-1) + 1+ )"

Basal ([A]; {A}c) =1, Promoter([A];{A}.)

in the single activator case

(1Y) + L+ erIRI/KR)"

[

(1) ey

Basal ([R]; {R}) , Promoter([R]; {R}c) =0  (532)

for a single repressor. Let us remark that these expressions have been obtained from (520),
(521) and Proposition S1.

The extreme cooperativity assumption implies that the cooperative binding constant
c is large [19]. However, we cannot compute directly a limit in ¢ without assuming some
natural restrictions. By definition (see assumption H2 in Section S1.1), the cooperativity
interactions essentially modulate the binding affinity of the transcription factors in the
binding sites. More specifically, if K, is the affinity constant of a transcription factor,
the affinity constant of a consecutive cleavage will be K, /c with ¢ > 1 (recall the inverse
relation where, for lower affinity constants, the transcription factor will have higher binding
affinity). Moreover, if we fill the n enhancers with the same transcription factor, it is clear
to see that the “global” affinity constant of the whole process will be K; = K" /c"~1. The
extreme cooperativity assumption claims that, since we are interested in only modifying the
cooperativity between the transcription factors, we will compute a limit of ¢ — co without
modifying the global affinity constant in the process, keeping K; = cte (and, consequently,
Ky — 0[19]). These limits can be computed easily, so we obtain

. , _ A
Ifg‘;lie Promoter ([A]; {A}c) = K+ [A]"
i Basal (R} (R).) = ST

Kj=cte
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which allow us to justify previous Hill modules because the limits of the corresponding
(n)

BEWARE operators coincide with (530) by taking a = ; +KRPE’2“;\] ap T 1= T KRPU[’E“I’{] AP T
B = % and v = W. Let us notice that the optimal values 7 and 7y

vanish when ry,; = 0 or # = 0, respectively, which corresponds in the thermodynamical
model to null basal level and a repressor executing a total repression once it is bound.
Indeed, these are some extra hypotheses employed in [19] for justifying (S30) (with 7 = 0
and v = 0) that are not required in our approach.

It is also interesting to mention that the same reasoning can be used to prove that,
under the extreme cooperativity assumption, the recruitment BEWARE operators also
converge toward a generalised Hill type functions. Since

. K;+ a [A]n
lim F Al;{A = —,
5, Pl 0)) K+ [A]"
; . _ Kg+"[R]"
lim Frg([R]; {R}e) = K+ R
Kj=cte

the associated recruitment BEWARE operators verify

. , [A]"
Ky=cte
. . _ B
Kcllé{}o BEWARE, ([R], [RNAPJ;{R};) = K, + [R]" +7,
q=cte
where now 7 = CIERP and v = CBiKr;P are respectively a basal and minimal transcrip-
[RNAP] "+ [RNAD]
K K
" g 14 o RES 14+ B
tional rates, and &« = —CB a—1 B= Krp__CpKg(1-r") ,0 = [RNAPL and ¢ = —RNAPL
14+ [RKI\I,:;P] a’+1 [RNAP] (r”+ [[5\1};[)] )2 a4+ [RKI\IIQ/{JP] My [RKI\IJQXP]

are constants. Let us observe that the limits in this case are generalisations of the Hill classi-
cal modules (S30) because of parameters § < 1and e > 1.

When the modelling by Hill modules involves the effects of several transcription
factors (see, for instance, [23]), it is not so clear what the counterparts of (530) are. If the
binding sites or any TF are independent and there are no cooperativity interactions, the
Hill candidates can be computed straightforwardly [6,22]. However, to the authors’ best
knowledge, the same question is not clear when the TFs compete for the same binding
sites or cooperate between them. Our modelling approach gives us a clear strategy to
propose Hill type modules in the presence of several TFs competing for the same enhancers.
They might be deduced from the extreme cooperativity limit of the stimulated /recruitment
BEWARE operators if the total cooperativity holds between the TFs:

K;+ <% ﬂi[Ti]>n

lim Freg (([T1], o [Twa]); {4 T, o T de}) = i (S33)

Ka=cte K+ (lgl[Ti])
m+(%@m0

lim Basal (([T1], ., [Taa)); {{T, ., Tm}e}) = =1 , (S34)

M n
Ky=cte Ka + ( D [Ti]>

—_
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lim Promoter(([T1], ..., [Tm]); {{T1, -, Tm}c})
Ky=cte

My M " M "
<‘Z LT+ X Eff[Tj]> —<, )3 éff[Tj]>
— i=1 j=Mg+1 j=Mg+1

or

Tim Freg (([T1], - [Twa]); {{Ta}es o {Tia}e}) = = , (S35)
Kg=cte K+ [T

lim, Basal(([Ti), - [Tu])i {{Ti}e, o {Twke}) = —=——,  (530)
Ky=cte K;+ ,Zl[Ti]n
Ma
L (@[T))"
Yim, Promoter (([T1], ., [Tw]); {{Ta}er o {Tuke}) = -=——,
Ky=cte Kd+ Z [Tz]n

i=1

when only partial cooperativity is present between TFs. In order to deduce expressions
(534)-(537), we need to recall first the general expressions of the Regulation Factor, Basal
and Promoter functions defined in Remark S2 in terms of the polynomial function (518).
Since all these functions are written in terms of rational relations between S,., we can define
a general rational function

SE((x1 /K,y ooy /K); {{ X Yoy oo { X e })

R(n)
SEN (1 /Kooy yat /K); {1 Yoo AN Ie})

(S37)

with sé") defined in the mixed cooperative case (S23). Then, if we define the global affinity
constant K; = K" /c"~!, we can rewrite (S37)

AR Moy
Y e1+zhcz ZlIN—%— L (a+sg Zh L x| [1(e—1)
1 1

|h‘°°< =1 zeI j=1 c/ ‘h|w< ]':1 1.51 j=1
N N
R(n) _ hEN _hGN i
A N 1-h
€2+ZI’ZCZ ! H ”] Y e+t ‘Zh Y yi| Il(c—1)
\h|oo< =10 el =1 ¢ [7]e<1 ]:1 i€Z; j=1
heNY heNy
n
c! N 1-h;
e1 + 1/n Zh Y x| [T(c—1)
|h‘o¢l j=1 i€l j=1
heNy

= )
Cl/n h N 1—h]
eﬁwz i L) [(e—1)
\h|oo<l =1 i€l =

]

—_

heNy
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By splitting the sums in those terms that have |/|e = 0 and |li|e = 1, we finally obtain

N KL/ am N "N
c-D%+¢ & dmertam X hi L oxi H(c—l)
[heo=1

heN)

]/n Cl/n N nN
(C_l)N+ K Z Cl/n 62+ Kl/n Z h] Z Yi H(C_l)
1 d j=1 iEIj

o=

heNy

l/n n N
Please note that both (¢ — 1)N and K L | e + ]1//n Z hi % x| TT(c— 1) " are
|h\oo—1 ¢ K j=1 1€I j=1

heNy
polynomials of degree N in the c variable, since Moo = 1 automatically implies that
N
Y 1—hj < N — 1. We are interested in computing CILm R™M): hence, by 'Hopital’s rule,
j =1 Kd:?;E
the only terms that will remain in the limit will be those coefficients that multiply to cN,
that is, those terms such as |1 = 1:

lim R™
c—»00
Ky=cte
n
1+ ¢ (zh zx,> N n
=1\ =1 el Kd+2<2xi>
heN =1 \icZ;
= g — 7 o (338)
1+g ] <Zh Zyz) Kd+2<2yi>
[7]=1 1 i€l j i€l
heny

Please note that we can now directly apply the definitions of the Remark S2 and deduce
automatically the expressions (534)-(S37) assuming that K; = Kand ¢; = cforalli =
1,.., M.

S3. Global Activator/Repressor Variables Reduction

In [3], the problem of collecting the control executed by different TFs into two global
Activation/Repression variables in the particular case of the Shh system was addressed. In
these lines, we reconsider the same question and, according to the modelling developed in
the previous section, we describe when BEWARE operators are really controlled by global
Activator/Repressor variables and how to define those variables in terms of the multiple
TFs involved in the system. Actually, we can make the next remark.

Remark S4. The effect in the BEWARE operator of transcription factors

e with the same signal strength (same transcriptional intensity/rate) in the recruitment/stimulated
approaches;
*  and cooperating in the same subset;

can be summarised in a unique single variable, even if they have different affinities.

For instance, let us take into consideration the previous Remark in the stimulated
BEWARE operator deduced in [7,18] for some Shh target genes. The transcription is
controlled by the concentration balance of M = 3 TFs: a pair of activators GliA, Gli3A and
a repressor Gli3R competing for n = 3 enhancers. Gli-DNA enhancers’ binding affinities
were described by dissociation constants Kj for Glil and K3 for both forms of Gli3. Since
the model suggested total cooperativity between all the TFs and the activators, GliA and
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Gli3 A, it can be seen that the BEWARE operator deduced in [7,18] depends on the global
activator variable

4] = [G{zA] N [GlE3A]
Ky Ks
with dissociation constant Ky =X 1+K 2, where the weights for defining A are given by

Ky = 1% , K3 = K . Since only one repressor was taken into consideration, GIi3R, this
plays the role of repressor variable with dissociation constant K3. The fact that the BEWARE
operators only depend on these two global variables can be easily checked by replacing
the new variables in the expressions of S¢ of (519), (S20) and (521), and noting that the new
functions obtained correspond to the expressions of the functions S; in the case of M = 2
transcription factors.

Remark S5. Generalising the previous example, we always have that:

*  all the activators (repressors) have the same signal strength;
e and all the activators (repressors) cooperate in the same family with the same cooperativity

constant;
then, their effect in the BEWARE functional can be summarised in global activator (repressor)
variables:
K;
[A]:Mﬂ@-K»f£ being Kg4 = Z
=K ' Ka AT Ma ’
> K
MoT . K i
Rl= ) =5;Kj=—" being Kg = ————
i=Mpr1 Ki Kr M;

Anyway, the BEWARE functionals we are going to consider in the next paragraphs
are those defined by (512) or (515), in correspondence with the recruitment/stimulated
approaches, where only two functional opposite transcription factors are considered: an
activator, A, and a repressor R. Indeed, these are the BEWARE functionals we have intro-
duced in the main manuscript for the sake of clarity. In that case, only two admissible
cooperative relations are possible: {{A, R}} or {{A}¢,, {R}c;}, corresponding to the total
and partial cooperativity cases. Then, by Remark S2 and Proposition S1, we obtain that the
regulation factor, basal and promoter functions read

(1 _ %) + 11+ ca[A] /K + cr[R]/KR)"

Freg (([AL [R]); {{A,R}}) = (1—%)+%(1+c[A]/KA+c[R}/KR)”' (S39)

(1= 1) + 1(1+ c[A)/Ka + cFIR] /Kg)"

Basal ([A], [R); {4,R}}) = . 40)
(1= 1) + L(1+clA)/Ka +c[R]/Ke)"
el corlR)" - 1 (o4 corlR)"

Promoter (([A], [R)); {{A, R}}) G ) i ) (541)

(1-1)+ (1+c”+c£<])n '

for the total cooperativity case and look like
Freg (([AL [R]); {{A}car {R}er }) (S42)
1 0 (1-1 ; ac 4], reg[R]\"
(1f%)(1,$) + (1 CR)(lJraCAW) + (1CCA)(1+7CRR]> + <1+ Ry TRy )

[
( _1>(1_1)+(1 ><1+CA[A1) g G )(Hcm) n (e

calAl | g[R] )
CA CR CACR


https://doi.org/10.3390/math10132169

Mathematics 2022, 10, 2169. https:/ /doi.org/10.3390/math10132169 518 of S38

Basal (([A], [R]); {{A}es {R}ex }) (543)
U R 0 e (B ) s i
(-0 Bl Bl gy T

(S44)

Promoter (([Al, [R]); {{A}es/ {R}ex}) (545)

() (o gy, ) (1) (o)
(=)&) + Ll gy Lol oy, Ll

in the case of partial cooperativity.

Let us observe that these expressions allow us to relate the parameters in these models
with measurable reference values as the minimal, basal and maximal expression levels,
following the ideas presented in [3]. These values, collected in Table S1, can be easily
computed by letting [A] — 0, [R] - o or [A] - 0, [R] = Oor [A] = o, [R] — 0,
respectively. It is important to note that this result also works in the extreme cooperative
framework (i.e., Hill operators), since the levels in Table S1 do not depend on the TFs’
cooperativity.

Table S1. Theoretical values for minimal, basal and maximal transcriptional rates for BEWARE
operators in the presence of global activator/represor variables.

| Minimal  Basal Maximal
Recruitment C,? CB C,?
+oE 14 1+ b
[RNAP] [RNAP] [RN?I;]a”
n
: Tpgsim Tbas Tpas +Vmax
Stimulated T T L Rep
[RNAP] [RNAD] [RNAP]

S4. Existence/Non Existence of Inverse Logic in the Activator/Repressor Framework:
Pull Effect

In this Section, we are going to analyse the consistency of previous expressions with the
fundamental notion of activators established in [26], that is, when activator concentrations
are scaled up, then the transcriptional activity increases. Analogously, it can be declared the
fundamental notion of repressors saying that increases in repressor concentrations would
diminish transcriptional activity. This basic idea is translated mathematically into:

IBEWARE(([A], [R]), [RNAPJ;C)

P , (546)
IBEWARE(( [Aa]il[zl]%] ). [RNAPJ;C) _ (547)

However, as we will show, this basic logic may not hold in some of the proposed
models, and effects of ‘inverse control logic’ (i.e., an inversion on the inequalities (546)
and (547)) can appear. In this case, both versions of modelling stimulated and recruitment
coincide, predicting that this inverse logic would happen in the presence of strong enough
cooperativity between activators and repressors. Furthermore, they coincide predicting
that, in the presence of cooperativity only between TFs of the same nature, that is partial
cooperativity, the basic activator/repressor logic (546)—(547) always holds.
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The results of the performed analysis are summarised in the next Lemma.

Lemma S2. BEWARE operators (S12)-(S15) depending only on two functional opposite TFs
i) can exhibit inverse control logic when total cooperativity is considered. This occurs for large

enough cooperativities for certain ranges of the parameters a, r, U,S:Za)x and ry,s established in
Table S2;
ii)  However, this basic control logic always holds when partial cooperativity (S9) is considered.

Table S2. Parameter requirements for the existence of inverse logic for bifunctional BEWARE opera-
tors in the presence of total cooperativity.

‘ Act. Inv. Log. (546) Rep Inv. Log. (547)
Recruitment | r < aﬁ &c>cf, r>al"&c > o

(1) =n—1 o
; Vina; 1-7" = b ér ST
Stimulated s < @y &c>¢l, vf,ii <15 &c>7,

The analysis developed in this Section for proving Lemma S2 also allows for describing
the values of the concentrations that give rise to inverse logic. In the presence of relative
low concentrations of activators (that is, low activators” concentrations compared to the
concentrations of repressors), the system could show an unnatural response to an increase
of the activators, presenting a decrement in the transcription rate (BEWARE function).
This ‘pull effect’ is a direct consequence of the total cooperativity. Since an increase of the
activator concentration implies more activator bindings, these additional bindings improve
the cleavage of any other transcription factor, including repressors. Taking into account
that there is a higher concentration of repressors in the system than activators, it is much
more likely to ‘pull’ repressors in the enhancers, finding as a consequence more states
with more repressors than activators (i.e., more repression and hence less transcription).
The delicate balances occurring in that case between activation, repression, affinities and
binding cooperativity are reflected in Table S2. Figure S1 illustrates these effects. Although
behavioural tendencies (546)-(547) could appear to be very naive, their relevance in our
logical scheme is undoubtable. This can be seen in the proof of Proposition S2 where
the existence of activation/repression thresholds is stated. In those cases where (546)-
(547) does not hold, this requires an extra effort in order to apply the Implicit Function
Theorem. These kinds of basic properties are also really relevant in specific applications, as
for instance in repressilator type models [27].
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Figure S1. Inverse logic for a Recruitment BEWARE operator with total cooperativity. (A) activators
inverse logic; (B) repressors’ inverse logic

In these arguments, it will be helpful to use the positive symmetric functions defined
by:
n—1 .
Hu(X,Y) =} X'Y"" 1"/ forany X,Y € (0, +0c0) (S48)
i=0

when#n >1and H;(X,Y) =1whenn =1.
It can be easily checked that, using this notation, we have

H, 1(X,Y)

xrloyr-l_pg (X,Y(X-Y)=
n 1( ’ )( ) Hn(X/Y)

(X" —=Y") n>2. (549)
We will employ subsequently several easy properties of these functions collected in the
next Lemma.

Lemma S3. Letting X,Y € (0, +o0), then

1 anl (X,Y)
’ Hu(X)Y)

2. IfX >, the following relations are fulfilled:

is strictly decreasing with respect to X and Y.

1 _HaXy) 1
X T H(XY) T X4y

3. Z <X then BtZi)z <1,
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Proof. Properties i) and ii) can be trivially proven by using the identities:

H, 1(X,Y) _ 1 _ 1
H,(X,Y) __X oY )
71( ) Z?;OZ(Y/X)I + Y Z” Z(X/Y)l + X

Estimating iii) can be also checked by considering

n—2 —
Yixn727iZ szn 1—i
H, 1(X,Y) _ iEO < iEO <1
H,(X,Y) n-1__ C a1 o
Z Yixn—1-i Z Yixn—1-i
i=0 i=0

O

S4.1. Existence of Inverse Logic in the Presence of High Total Cooperativity

This subsection is devoted to prove statement i) in Lemma S2. That is, in the presence
of strong enough total cooperativity, recruitment and stimulated approaches predict that
the intuitive behavioural tendencies (546) or (547) can be violated. For the sake of simplicity,
we will note ¥ = [ ] and 7 = [R]

e Activators inverse logic for the Recruitment BEWARE operator
Since the recruitment BEWARE operator is increasing with respect to the regulation

factor operator, we have

sign { OBEWARE, (([A],

R]),[RNAP); {A, R}.) }

[
A]
. {aFreg« %,9); {A,R}c)}
= Slgl’l aj
B T

where &, = &,(%,7) = 1+ a% + rj, ar = a,(%,7) = 1+ ¥ + jj. Since we are assuming
r <1 < a, we have that ax, — &, > 0. This proves that, in the absence of cooperativity
(c = 1), the sign of (S50) will always be positive. Nevertheless, if aa!~! — a1 takes a
negative value and c is high enough, that is,

a a1 (an, — &)
c>1+ 21— S51
a7t — gl (551)

the sign of (S50) can become negative. It can be checked that (aa}~! — a~1) < 0 if

1
and only if a7-Tr < 1 and, in that case, it would occur for values in the cone

(w%—n+m#u4w}

1
1—an1r

Hya = {(f,y”) € (RJ)Z:? >

Thus, for any

~n—1,n—1 =
c>c% = inf {1 LA Y (ac —2r) }
- 7
" (25)eHya a1t — gt

we can assure that there exist some values (%,7) € H such that the sign computed in
(S50) will be negative.
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Repressors inverse logic for the Recruitment BEWARE operator
By an analogous argument, we obtain

QU

. { dBEWARE, ([A], [R], [RNAP]; {A, R}c) }
sign K]
. { aFreg (3?/ ﬂ) }
= sign¢ ——~
9y
- sign{(c —) (Rt =) e ey — ar)} (S52)
Since we are assuming v < 1 < a, we now have that ra, — &, < 0. Thus, the sign of

(552) will be always negative in the absence of cooperativity ¢ = 1. On the other hand,
if (ra?~! — a/"~1) takes a positive value and c is high enough, that is,

n—1.,n—1(%
r &y (“V _ 7“7’)
¢> 1t (S53)

the sign of (552) can become positive. It can be checked that (ra?~! —a?~!) > 0 if

1
and only if ar#-T > 1 and, in that case, it would happen for values in the cone

1

Hy,y = {(m) € (Rf)%%> (1’“>+<1rn"1>9}.

Thus, for any

—n—1.-n1—1/=~
c>cj, = inf {1 + & ey (@ —re) }
t - 7

(%,9)€H;, 7'5(1;:[71 — 0(;171

we can assure that there exist some values (¥,7) € H such that the sign computed in
(552) will be positive.
Activators Inverse Logic for the Stimulated BEWARE Operator

OBEWARE;([A], [R], [RNAP]; {A, R}.)
51gn{ AA] }

=~ (n) = -~

. p dBasal (%, 1% dPromoter(%,

= sign N ”IERP af( ) + - ml?RP = (%,7)
T TRNAP] T RNAD]

_ : . -n—1__ n—-1 n—1, (n)

- Slgn{ (C 1) ((“s &g )rbus + ,Bs Vmax)

ol (R (s — &g + (B (s — o)+ Bo)viax ) | (554)

where, adopting the previous notation, we have &; = &;(%,7) = 1+ X + 7, a5 =
as(X,7) =1+ +7, Bs = Bs(§) = é+ &7y, Bs = Bs(X,J) = €+ X + é7jj. Please note
also that, thanks to 7 < 1 and X,Y > 0, the next relations are verified

a5 > &s > Bs > Bs > 0. (S55)

By using these estimates, we can easily check
n—1(=n-1 _ = n—1 _ R (n) 5 (1)
&g &g (D‘S “S)rbus =+ ( s (D‘S ﬁs) + ﬁs)vmax > eVpax > 0. (556)

Hence, if
((5{?_1 — & D) s + ﬁ?_lv,(n”a)x) < 0 for some %, jj (S57)


https://doi.org/10.3390/math10132169

Mathematics 2022, 10, 2169. https:/ /doi.org/10.3390/math10132169 523 of S38

holds, then the partial with respect to & could change the sign for c large enough, more
concretely,

et (w0 =10 + (B2 o — )+ o) )

(n)
(5‘?71 - “s )rbus + :Bn 1 Ve

Tpas

c>1- (S58)

Let us also observe that the inverse logic is not possible in the absence of total cooper-
ativity, that is, c > 1 is required. Obviously, (557) will occur whenever

Vgiz)x ( n—1 an l) B 1— 1~,n71
T WP = G
as %7 ,B

(af ' —ay )

n—1
s

1—71 :
S @ asghe gl (59)

Thus, we conclude always that

(1) 1

Vmax
Thas (eF)n—1

_ ?7’!71

the set
Hoo = {(%£9) € R (@27 = ™) rpus + B i ) rg) < 0}

is non empty and, for any

c>c =infd1—
th Hip

there exist points (&,7) where the sign on the right-hand side of (554) is negative.
Obviously, the value of ¢ will determine the final set of values where it occurs by
condition (558).

*  Repressors inverse logic for the Stimulated BEWARE operator
The sign of the partial derivative of the BEWARE operator with respect to the repressor
variable is

. [ 9BEWARE([A], [R], [RNAP]; {A, R}.)
51gr1{ 3R] }

L Tphas  OBasal(X,7) v,(na)x dPromoter(X, 1)
= sign 1T K a7 +1+ “Kep a7
[RNAP] [RNAP]
sign{ (¢ = 1) (82717 = a1y + 7B = )i ) (60)

o (7 (e — ) + (@B — B — (B — i) b

w?‘l(&?‘l(?zxs—acs)rbaer(er( 1 gty (g By mx) 0 s
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since fas — &s < 0 by definition and

P ol Hy _1(é7Bs, ~~_s
er(py = ) — (gt — ) = (g1 — p (TR 1) <o e
by (549) and Lemma S3 ii). By this reason, if

(@1 — ) rpgs + EF(BL T — B vl > 0, (S63)

then, for large enough ¢, more concretely when
o (8 s — ) + (Er(BY = BuY) — (B2 — L))

(n)
(8717 — a2 1) Ry — U e

c>1-— (S64)

the sign computed in (S60) can be positive. Again, this can be no longer true in the
absence of cooperativity, that is, when ¢ = 1. Now, (563) can occur if and only if

bas ?71 _?71 1
<su — S65
PV P T a1~ 17 (569

where analogously, as was done before, the supremum can be easily calculated from

n—1 n—1 =n—1 n—1 an—1
ﬁ AB &g _ 1 _ lim :Bs — :85

n—1 n—-1 — =n-1_z=n-1" 1_§ 3 70 gh—1s _ on—1"
gt — Tl ocs — 7l T—00,§—0 &Y F — ol

Then, arguing as before, we can conclude that (S60) can be positive in the points
determined by a set H;, defined in terms of the condition defining by (563) and for
values c bigger than ¢}, determined by the lower term of (564).

54.2. Direct Logic in the Presence of Partial Cooperativity

Now, we prove that, in the presence of partial cooperativity between activators and/or
repressors, the inverse logic can not occur as stated in Lemma (52) ii). In the rest of this

[ ] [R]

proof, we will denote ¥ = and 7 =

e Activator direct logic for the partial cooperative recruitment BEWARE operator
Using the increasing character of the recruitment BEWARE operator with respect to
the regulation factor operator, we have

[ @BEWARE, ([A], [R], [RNAP]; {A}e,, {R}ee) | _
51gn{ a[A] } =
= Sign{(CA—l)(CR—l) (@ =) 4 (e = D> (@ — )

e —1)(er — 1) (aiy ™ —af ! +ayt T B — 7T BY) | (366)

14+%+7, Br = Br(§) = 14717,
= 1+ aX. From these definitions,

Br = Br(7) :r1+
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we can easily check that almost all the terms inside the sign function are positive by
using the estimates:

& > > F ay, > a1 a1
r 2 Yr = Yr, Yr = Yr, 5‘7_"‘7, ')’r_"‘r,
_ a 1 _
Eér,BrZ“rﬁr/ &Yy > &Yy, ?Z?/ “rZ,BrZﬁr- (S67)
T r

The positivity of the last term can be checked by observing that the expression
(amp=! — a1 4 a1 — 47~ 1B1) is increasing with respect to the variable a. Then,
this will be always positive if it is for 4 = 1. In this sense, we estimate

(I 2+r)" =1+ 249"+ 1+ 5" (149" = 1+5)" (1 +r§)"

~ n—1 ~ n—1
g iy e N
> + — —+ + + — —+
= (1 r1+f) <1 1+x> (1+9) (1+17)

where the lower term is positive since, using (549), we obtain

(Lwyl_(“‘y ylzu+wrl—0+r? Yl

1+ % 1+ %

. J . y
H,_1(1 1 > H, 1|1 1
< n1< +7, +1+£)_ T nl( + 17, +71+3?> (568)
which holds because of the increasing character of the operator H,,_;.
*  Repressor direct logic for the partial cooperative recruitment BEWARE operator

The fact that the partial derivative of BEWARE, with respect to the repressor variable
is negative when partial cooperativity between activator and repressor can be verified
in an analogous manner by the symmetric roles of activators and repressors in the
recruitment operators.
*  Activator direct logic for the partial cooperative stimulated BEWARE operator

Since Basal(([A], [R]); {{A}c,,{R}c; }) has the same expression as the Regulation
Factor (513) with a = 1, the sign of the derivatives can estimated following exactly the
deduction for the recruitment operator. Hence, we need to check the sign only for the
partial derivatives of the Promoter (([A], [R]); {{A}c,, {R}cx}) function

(cr —1)(oF — o) + B2 — B¢
(ca—=1)(cr = 1) +all + (cr = DAL + (ca — )7

in order to conclude the proof of Lemma S2. In the previous definition, we have
used as = a5(X,7) =14+ %+7, & = as(%,7) =1+ X +7), s = Bs(%, ) = e+ %+
o7, Bs = Bs(§) = e+ e, vs = 1s(§) =147, ¥ = 7:(§) = 1477, &5 = &(%) =
E+%,0, =05 = €, As = As(¥) = 1+ X where, again, we are assuming that each
function is evaluated on ¥ = % and 7 = C’}—[RR} The sign of the partial derivative

with respect the activator variable will come from the sign of

o { OBEWARE; (([A], [R]), [RNAPJ; {{A}c,, {R} e }) }
8 o[A]

= sign{— (" T (cr = DAX ) ((er = 1)(8F = 5) + B2 - B)

+ ((er=1)8r7" +p271) ((ea—1)(er—1) + & + (=D)AL + (ca—1)7%) }
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which, rearranging the terms, translates to check the sign of

sign{(cR—nz((cA—l)(s"*l FAPL (AT — g 5_1}))
+ (B s — B — BY)
+ <cR—1><cA—1>(ésflvs+ﬁf:*l) + (A1)t
+ (er—1) (80 4 AR —al TN — 8) = AT (B - BY)) b

The first terms are trivially positive since A; > J; and as > Bs. In addition, it is positive
that the last term can be rewritten, up to the multiplicative constant (cg—1), as

)‘?71,3271()\5 —Bs) + “?715271("‘5 —0s) + )‘?715?71 + 0‘?715? >0

thanks to |As — Bs| < (a5 — &) and asds > AsPBs.
*  Repressor direct logic for the partial cooperative stimulated BEWARE operator
On the other hand,

, {BBEWARES(([A], [R]), [RNAP]; {{A}c,, {R}er }) }
sign 3R]

= sign{ (7(B = B (ea=1)(cr—1) + & + (k=D)AL + (ca=1)1Y)
— (@ e =092 ((er = 1) - 3 + B - BY) |

and, rearranging the terms, the same sign can be obtained from

sign{ (ca — 1)(cr — 1) (er(B2~" = 21 — 92 71(8" = 31))

e n— _gil n— 5;1
; <cR—1><<ems><Asﬁs> 1<1—ﬁn_1>+5s<‘5s"‘5> (- >>

+ (ca—1)((rsBs)"™ (@Fys — Bs) + (1sBs)" " (Bs — &Fs))
()" (s — Be) + (wsBs)" ! (B — o) } (569)
The first term in (S69)
er(p — ) — e — )
( )( PHy 1

(‘B ) 1Hn(55155))

= <5 — 65) (e Hy -1 (Bs, Bs) — Hmsés/%és»

s o (TP Bs)

= (55 5S)Hn('Ys5s/’Ys5S)<Hn(,),sfss,,ysgs) 1)

& H, 1 (7595, 7s0s)
Hn(’)/sés/')/sgs) 1> S °

< (55 - gs)Hn(')’S(SS' 7555) <

is negative because s < vsds, Bs < 7505 and Lemma S49 iii) is used being é7 < ysds.
The rest of the terms in (S69) can be proven to be negative following the next estimates

(éﬂs)(?\sﬁs)”‘l(l - ﬁ: 1) +a(a (5 1) )" (ﬁ - 51)
(1B (077 — o) + (1) (s — o775)
B

(asPs)" ™ (ems — Bs) + (asBs)" (,Bs — éfas)

AN

>
[
—~

IN A
2
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and thanks to

s > Vs > Vs, /\S,BSSIXS(SS/ erAs < ds, 12&Z§/
Bs Js
ag > 0 > 5_5/ ,Bs < ,Bs ’ erys < ,Bs ’ erag < ﬁs . (570)

S5. Existence of Threshold

This Section is devoted to proving the existence of activation/repression thresholds
implicitly deduced from the BEWARE operators.

Proposition S2. In the global activator/repressor framework of each BEWARE operator, a unique,
positive and increasing function [R] = f,, |([A]; n) is determined fulfilling Equation (5) in the main
manuscript. This function determines the threshold between two regions in the plane ([A], [R]).
Each region contains concentrations providing transcriptional levels either over the basal level, if
[R] < fu1([A];n), or under the basal level, when [R] > f,, 1([A]; n).

These threshold functions depend on all the biochemical factors considered in the derivation
of the BEWARE operator: the Recruitment (m = r) (S12) or Stimulated (m = s) (S515) (with
pas > 0) approaches, the binding cooperativity mechanisms between the TFs (cooperative, total
cooperative | = t or partial cooperative | = p) or the number of enhancers (n). The particular case
of the dependence with respect to the affinities” coefficients K 5-Kg is given by

= A
fm,l([A];n) = KRfm,l<£<]/' 7’1) (S71)
A
where fm/, is independent of both K 4 and Kg.

Remark S6. A very easy example can be shown in the case of the BEWARE operators with
null/total cooperativity (S8). Because of the increasing character of the recruitment operator (512),
with respect to the regulation factor Fyeq, Equation (5) translates directly to

Freg (([A]L fr,t([A];n)); C) = Freg((0,0);C) = 1. (S72)

When we substitute the definition of the requlation factor (S39) in this expression, we directly obtain
that the threshold corresponds to the linear expression

Fu(Ahm) = 2= 1AL

Let us remark that, although in expression (S39) the cooperativity constant ¢ and the number of
enhancers n are present, they are not in this threshold expression. This implies that the thresholds
for this model are the independent of the intensity of the total binding cooperativity between the
species or the number of enhancers.

Remark S7. A similar arqument can be performed for the stimulated BEWARE operator when
n = 1. Obviously, this is independent of any kind of binding cooperativity because it can not occur
when only one binding site is available. In this case, direct computations give rise to
1
_ Ki Uy 1
KA Ybas 1-7

fsr([AL;1) [A].

As we will mention subsequently, the thresholds under the stimulated approach with total coopera-
tivity are not in general independent of the number of enhancers, which will represent a remarkable
difference between the stimulated and recruitment approach.
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Remark S8. Proposition S2 is no longer true for Stimulated operators when 14,4 is null as can
be trivially deduced from expressions (541) and (S45). In this case, the threshold coincides with
the axis [A] = 0, and any pair of concentrations ([A], [R]) with [A] > 0 leads to activation levels.
Nevertheless, we have to remark that this threshold does not depend on cooperativity relations,
number of enhancers or affinities.

Sketch of the Proof of Proposition S2
(4] R]

Here, we have adopted the notation x = oY= for convenience. Let us mention
that the threshold for the recruitment BEWARE operator with n enhancers and null/total
cooperativity was already calculated in Remark S6 solving explicitly the equation

Gri(x,y;n) = (1 +acx+rey)" — (1+cx+cy)" =0 (S73)
which is equivalent to (S72). In current notation, the solution to this equation is given by:

= -1
y=fir(x;n) = i_rx, (574)

where f, +(x; 1) is the function stated in (571). Now, undoing our original change of variable
x = %], y= %, we recover the expression deduced in Remark S6 .

Although in this case the definition of these thresholds can be done explicitly, we
would like to remark that the general existence result provided by the implicit function
theorem provides very useful information for subsequent analysis. The argument we adopt
follows the same scheme for all the BEWARE functionals considered, so we now introduce
the outlines of the general proof and in sub-55.1 we check the validity of each particular
model dependent requirements.

When we substitute the concrete expressions of the BEWARE operators (512)-(515)
with their corresponding expressions for regulation factors, basal and promoter functions

(see (539)-(545)) into Equation (5), this is equivalent to an equation G, ( %, %’:D ; n) =0.
In the case of the recruitment BEWARE operators, we obtain

Gri(x,y;n) = & (cx,cy)” —ar(cx, cy)”, (S75)
Grp(x,y;m) = &cax,cry)” —ar(cax,cry)” + (ca —1)(Br(cry)" — Br(cry)")
+ (R =) (71r(cax)” = 7r(cax)"),

being &, (X,Y) = (1+aX+1Y), a,(X,Y) = 14+ X+Y),B(Y) =1+7Y, B,(Y) =1+,
¥r(X) =14 X and 7,(X) = 1 + aX. In the stimulated cases, we obtain in the same way

Got(x,yin) = (@ (cx,cy) — al (cx,cy)) + vk (Bl (cx,cy) — Bllcy)),  (S76)

Gsp(x,y;m) = 1pas (&Y (cax, cry) — alf (cax, cry) + (ca — 1) (¥ (cry) — v (crY)))
+ Ui (B (cax, cry) — Bl (cry) + (cr — 1) (87 (cax) — 7))

where now a5(X,Y) = 1+ X+ 7Y, as(X,Y) = 1+ X+ Y, Bs(Y) = e+ 7Y, Bs(X,Y) =
e+ X+erY. ¥5(Y) = 1+7Y, 95(Y) =1+4Y, 6 = ¢and §;(X) = é+ X. As it has been
done in (573)-(574), G functions and the corresponding thresholds f will be denoted with
subindices: s, 7, t, p, corresponding to stimulated, recruitment, total/null cooperativity
and partial cooperativity, respectively. Some other dependences can be included whenever
necessary by using parameters, as, for instance, Gy, ; (-, -; 1) determining that G is a bivariate
polynomial function of order n. Subsequently, subindexes as well as the parameter will
be skipped in all those cases where they are not relevant. Let us also notice that all the
functions G have been defined such that

G <£?A], [II;]Q)) >0 <= BEWARE([A], [R]) > basal level. (577)
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In order to prove the existence of an implicit function determined by the equation
G(x,y) = 0 for each of these problems, we propose to check the next items:

a) forany x > 0, the equation
G(x,") =0 (S78)

function has at least one root because G(x,0) > 0 and limy_m G(x,y) = —o0,
b) for any (x,y) root of the equation (578), then (x y) <

¢) and, for any (x,y), the root of the equation (578) then ¢ S5 (x y) >

For instance, items a), b) and c) can be easily checked for G,; defined in (573) thanks to
r < 1 < a. These ingredients allow us to conclude the proof easily. Assertion b) implies
the uniqueness of the roots stated in a) because G(x, -) is strictly decreasing at any of them.
Since the partial derivative with respect to y is non-zero, the implicit function theorem
assures that, given a point (x1,y;) such that G(x1,y;) = 0, then in some small enough
neighbourhood of (x1,y1), there exists a parametrisation (x, f(x)) such that G(x, f(x)) = 0.
This really justifies that the function f(x) is globally defined and unique. Finally, this
function is also monotone increasing because of b) and c), since

G
fllay=—45>0 (S79)

Let us mention that the functions f are independent of the affinity constants K4 and Kg

because of the initial change of variables x = A ], y= gq and Remark S1. Let us see that
these functions define the thresholds. Coming back to our original notation, the function f
stated in Proposition S2 takes the value expression given by (571). These thresholds will
depend as much as from the cooperative relations between TFs: not cooperative/total coop-
erative (t) or partial cooperative (p) as from the recruitment (r) or stimulated (s) approaches
reason why we will add subindexes t/p,7/s to f function denoting any threshold, as it was
done in definition (S574). It is also true that the thresholds will depend on the number of
enhancers 1, which will be introduced as a parameter dependence f,, ;([A]; n). O

55.1. Existence of Thresholds for Bifunctional Beware Operators in the Activator/Repressor
Framework

The rest of the Section is devoted to declaring the functions G determining the acti-
vation/repression thresholds and checking the hypothesis a) — —c) they have to verify in
order to conclude Proposition S2 for all the considered BEWARE models.

Proof of Proposition S2

*  Stimulated BEWARE operator with null/total cooperativity (ry,; > 0)
From definitions (515) and the corresponding basal level, see Table S1, we obtain that
Equation (5) in this case study translates into

Tvas (Basal([A], [R]);C) — 1) + ,(nrfz)xPromoter([A] [R]);C) =0. (S80)

Replacing definition Basal and Promoter functions according to expressions (540) and
(541), equation (S80) leads to

Gs,t(x,y;1) (S81)
= rias (&2 (cx, cy) — all(cx, cy)) + Vi (Bl (cx, cy) — Bl (cy)) =

where x = [ ] LY = %], B(X,Y) = 14+ X+7Y, a5(X,Y) =1+ X+Y, Bs(Y) =
e+ éry, ﬁs(X Y) = &+ X + é7Y. Let us assume in the subsequent that n > 2 since
Proposition S2 is obviously true for n = 1. For simplicity, we will note a5 = as(cx, cy),
&s = &s(cx,cy), Bs = Bs(cx,cy) and Bs = Bs(cy). Using estimates (S55), it is easy to
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prove a), thatis, Gs¢(x,0;n) > 0 and ET Gs,t(x,y;n) = —o0, so Equation (S81) has
y (o]

at least one real root.
A similar procedure can be used in order to prove b). In this case,

. aGs,t
sign 3y
= sign{ <rbas (rzx” R )+1/,(nu)xer( n=1_ ’;_1))} (582)

Obviously, b) holds when n = 1 because 7 < 1. When n > 1, let us observe that we
know that under certain circumstances the right-hand side on (582) can be positive
by (565). Nevertheless, we can prove that this does not occur at the solutions of (581).
From (S65), we obtain by simple algebra

y(rb,,s(m” 1 a”fl) +v,(,1a)xer( n=l_ Ql)>

- () () o
< —(1+x)<7bas<m” t- ”*1)+vmaxer(ﬁ” ! ,B’;l)). (S83)

On the other hand, we also can directly overestimate 7a” ~! by taking # = 1 since 7 < 1

and &g > 0
(wlp ) i)
R

Since the upper bound in (583) coincides with the upper bound in (584) multiplied by
a negative constant, we can deduce that the right-hand side on (582) is negative for
y > 0. That s, b) is verified.

In order to check c), we have that

. aGS . — n —
51gn{ ax’t} = 51gn{ (rh,w( e 1) —I—vfm)x " 1) } (S85)

Now, by using (549) and (S81) as before, we obtain

(g s (a2 =)

Hn* , n an
= V151na)x< ?71_M(ﬁs - s))

Hy (“s/ “s)
-0 _ Hua(as,85)
= Vmax s <1 H, (“s/ 5‘5) ﬁs)

1/(n) Hy, 1 (“s; 5‘5) A1

+ max Hn(“s/‘is) IBSI

which is trivially positive, thanks to Lemma S3 iii) using 8; < as from (S55). Hence,

aac;'t > 0. Thus, we can assert the existence of a unique increasing function f; ; such
Gst=0
that

Gst(x, fst(xsn);n) =0 x € (0,00) (S86)
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for any ¢ > 0.

e  Stimulated BEWARE operators with partial cooperativity (1,5 > 0)
Now, in the case of BEWARE operators in the presence of partial cooperativity, the
proofs are much easier because we can take advantage of the direct activator/repressor
logic verified by these models as was stated in Lemma S2.
The expression defining the threshold condition (5) leads to:

BEWARE ([A], [R], [RNAP]; {A}c,, {R}eg) — — % = 0.
1+ rNap

Then, multiplying this equation by 1 + TRNAP] R ot P] times, the denominator of the basal and

promoter expressions, Dengs([A], [R]), and substituting the corresponding expressions
of the basal and promoter functionals,(S543) and (545), we obtain

0=Dens([A],[R]) x

X

<(1+ [RI;\?I‘I;PDBEWARES([A]’[R]'[RNAP]; {A}CA'{R}CR) - 7’bas)

= Tpas(&5 (cax, cry) — ag (cax, cry) + (ca — 1) (7 (cry) — ¥5 (crY)))
+ vk (Bl (cax, cry) — Bl (cry) + (cr — 1) (8" (cax) — &%)
— Goplxyin), (587)

where, in addition to the functions as, &s, Bs and Bs appearing in (S81), we now also

have ¥5(Y) =14+ 7Y, 15(Y) =1+ Y, 6 = ¢and 6s(X) = &+ X. Equation (587) has at

least one real root for any x > 0, since Gs,(x,0;7) > 0 and ET Gsp(x,y;n) = —oo,
y [ee]

that is, a) holds.

We can now check b) and c) very easily by observing that

. ) 9Gs,p _ <iopJ OBEWARE, .
slgn{ = Gs’p_o} ~ sign{ PEENARES ()R] [RNAP) (), (R} } <0,
sign{ag;;'p cs,,,—o} - sign{aBEg’["/‘aREs([A},[R},[RNAP];{A}CA,{R}CR)} >0,

thanks to identities (587) and Lemma S2 ii) proved in 54.2.

*  Recruitment BEWARE operators with partial cooperativity
As it was introduced in Remark 56, the threshold equation, (5),translates directly to
(572) for Recruitment BEWARE operators.
Then, by multiplying this equation by the denominator of the regulation factor (542),
Den,([A], [R]), we obtain the equivalent expression

0= Denr([A],[R])(Freg(([ I RD; {{A}ep AR} }) — 1)
= & (cax,cry)" — ar(cax, cry)" + (ca — 1) (Br(cry)" — Br(cry)")
+ (er = D) (r(cax)" = r(cax)") = Grp(x, y;n) (S88)
with (X, Y) = (1+aX +7Y), a,(X,Y) = (1+X+Y), B(Y) = 1+7Y, B (Y) =

14+Y, 7(X) =1+ Xand 7,(X) = 1+ aX. Note that Equation (S88) verifies a) since
Grp(x,0;n) > 0and l_1>rJIrl Grp(x,y;n) = —oo for any x > 0 thankstoa > land r < 1
]/ (o)

are assumed.
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In this case, the testing b) — ¢) is again trivial by using identities (588) and Lemma S2
ii) as indicated

G, . oF,
s1gr1{ ayp Gr,p—o} = Slgn{a[RT(([A]r[R]);{{A}cAr{R}cR})} <0,
81gn{aa;p GW_O} = sign{ S8 (1AL R {{Adey, (R} )) | 0.

Sé6. Elasticity

In this Section, the results linking the elasticity functions with perturbations (6) and
(7) can be found as well as the elasticity estimates summarised in Table 1 in the main
manuscript.

Lemma S4. The sense of variation of the threshold function under the affinity perturbation (6) is
determined by the elasticity function (8), by the expression

O (1 a1,
5 ([ALm)

= fu([ALn) (1= em(Alim))

n=1

Proof. This result is a trivial consequence of Equation (571) because that expression allows
us to directly compute the variability of the threshold under perturbation (6)

and consequently

LAy = Fua (A1) = (A (A1) = Fa (A1) (1= €y (1A )
-

Ke 71 (1A
where we have used f; ,([A];n) = & r’n,lG(—j;n) . O
Corollary S1. The thresholds determined by stimulated and recruitment BEWARE operators
(m = s/r), (S15) and (S12), respectively, considering (S39)-(545) (I = t/p) and assumption (S14),
change in the same manner under affinity and enhancers’ number reductions, that is (6) and (7)
since:

Sig?‘l 5 - ([A]/n) = Sign (Gm,l(x/y;n - 1)| (4] m,]([A];n)> ’
1 X

Y=g Y=
= sign (fm,z([A];n -1) _fm,l([A};n)>'

Furthermore, in both cases, the limit behaviours they would tend to in the case of very low affinities
(n — oo) and on the case of one only available enhancer coincides, that is,

lim f([Al;n) = %([A] = 0;m)[A] = fuy([A];1).

—00
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Proof. Combining Lemma 54 with expression (579), we have that, for any BEWARE opera-
tor, it is verified

(Z;;"’([A};n) = ;(’71(1%]%,1(,7[2]4"”) B [A]Ef'/”’l<77[gam>)

— 1 Gy, . 9Gy1 .
- a(a;w<yay(x/y,n)+x o (x,y;m)
y

A 7 A
X= %ry:WKRfm,l (%}”)

which gives

1 G ) G, )
—aca:m,,(y i)+ x5 )

([ 4);m)

on ’ (589)

[A]

oo lal _ S ([An)
T RaYT KR

n=1 Y
Now, simple algebraic computations allow for rewriting this expression since

m,l
X

m,l

(xyim) + 22
yay X,y;n) +x—

(xry;n) = ”Gm,l(xry}”) 7nGm,l(xry;n71)‘

Let us remark that this expression is only valid in the stimulated approach if hypothesis
(514) is assumed.

The first identity of the statement of this Corollary can be trivially deduced from these
expressions because

Gm,l (x/ y/ 7’1) ‘X* [A] m,l([A]FV’) = 0

T Ky Kgr

holds by definition and, as mentioned in the proof of Proposition S2, it is also verified that:

dG,,
" (x,y;n) A ) <0.
K

The second identity is also obvious since

Gm,l(x/y;n - 1)‘}(7@
=K, KR

) >0 = fui([Al;n) < fui([A;n—1).

Let us now justify the thresholds limit in the case of very low affinity, thatis, 7 — o

lim f,,([A];n) = lim nf,, (;7[2" n)

17%00 17—}00
Fo(1A]. 70
Ke, oo Jmi(iR5im) —FunOm) g
SRiAl =K :
KA [ ] 7751;10 ﬂ KA fm,l (Of 11) [A] (590)
17Ka
- 9G
From (S79), we directly obtain f'(0) = —25(0,0). By a direct substitution of G function
e

expressions for any BEWARE operator, we obtain

(n) sn—1 (1)
x . _a—- 1 £l . — Vmax€ = Vmax
fr’* (O, 7’1) = 1—r fs,*(ol Tl) rbus(l _ 17) ?bas(l — 7’)

respectively for the recruitment and stimulated approaches. Substituting these expressions
in (S90), we conclude the proof thanks to Remarks S6 and S7 in S5. O

These formulas stated in this Corollary confirms that the reaction to perturbation (6) is
strongly related with the variation of the same threshold under perturbation (7). Indeed, in
all these expressions,

Gm,l(x/y;n - 1)|x7m

= Y=

A KR

) (891)
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gives the value of the function G when the BEWARE operator has only n — 1 enhancers
evaluated on the threshold obtained for the same BEWARE operator but with n enhancers.
The sign of this computation is directly related to the relative positions of the thresholds for
n or n — 1 enhacers because of (577).

Our last Lemma is devoted to showing how different the predicted behaviours are
to perturbations in affinity or the number of enhancers, that is, (6) or (7),depending on
the stimulated or recruitment approach adopted to deduce the BEWARE operator. Our
results suggest that, under the recruitment approach, the behaviour of the thresholds is
determined basically by the kind of binding cooperativity relationships between the TFs, in
the sense that, if some TF species cooperate only between them, then this is a competitive
advantage that perturbations (6)—(7) interrupt. On the other side, the thresholds deduced
from stimulated BEWARE operators are not only dependent on the cooperativity relations
but also on the value of the parameter . This, an a priori harmless parameter, has been
proven to change the threshold elasticities provoking qualitative different responses, that
is, it is able to alter the competitive advantages that cooperativities between TFs provide in
an unclear way. The elasticity can be analytically estimated for thresholds deduced from
BEWARE models for both stimulated and recruitment approaches in some cooperativity
specific regimes: null/total cooperativity and in those cases when either only activators or
only repressors can cooperate. All these estimates are collected in Table 1 in the main text.

Now, we focus on checking the elasticity estimates in Table 1 in the main text by
considering separately the recruitment and stimulated approaches.

56.1. Deduction of Elasticity Estimates in Table 1 (Main Manuscript): Recruitment Case

As we have shown in (572), the threshold functions for the recruitment operator with
total cooperativity are straight lines, independent from the number of enhancers n. Both
facts allow us to deduce the unit elastic character of those thresholds.

Imposing c4 = 1 and cg > 1 in definition (575), we obtain that the implicit equation
for the threshold f;,,(x; n) in the repressor cooperative case is

Grp(x,yim)| _m _fpta =& — a7+ (ck =1 (77 = 7/) =0 (892)
=RV RR
where &, a, v, and 7, are evaluated at the points (%, CR%?]M)) . Please note that, since

Yr > 9r by definition, then a > &, and we can order the functions such as
Op 2> 8y 2 Yr 2 Yr- (593)

The idea of the proof is to relate G, (-, -; ) with G, (-, -;n — 1) by considering the function

n

¢(z) = zn1. (594)

It is trivial to see that, by the mean value theorem,

_ o _ o n 1 _ _pn—
o =g ) —g@ ) =g O - ) = et ) (895)

forac € Rsuchasa’ ! > ¢ > a’!. The same goes for 7/ — 4", where

n 1

R e LA S RN (896)

fora¢ € Rsuchas =1 > &> 471 Obviously, inequalities (593) imply ¢ > ¢. Taking this
relation into account, if we replace (595)-(596) in (S92), we obtain the following inequality

et (a7~ (k=) =7 7Y) >0,
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which implies
Grp(x,y;n—1) |x,@ _fep(alm >0
=K, V=""xg
and hence the inelastic character (¢,,, < 1) of the threshold f ,([A]; ) in the repressor
cooperativity case by Lemma S4 and Corollary S1.
Analogously, we obtain in the opposite regime, cg = 1 and c4 > 1, that

Crp(yim)| i pam =87 —af +(ca = 1)(B} = B7) =0
T Rg7T KR

where now f, < B, < a, < & holds. Then, by using the function ¢ in the same way, we can
prove:

Grp(x,y;n—1) ’x:% g L) = g a4 (R =D (T =) <0,
A" R

which, using Lemma 5S4 and Corollary S1, proves the elastic character (e, > 1) of the
threshold f, ,([A];n) whenever cg = 1and c4 > 1.

56.2. Deduction of Elasticity Estimates in Table 1 (Main Text), Stimulated Case (n = 2)

(1)
Recalling from (S7) that the threshold f; ,(x; 1) is a straight line of slope m = Vr’;’;’: 11 7 %,

and evaluating the implicit threshold function (S87) on it, it is easy to check that
Gs,p(x, mx) = Ko + Ky x + Kpx? (S97)
with

Ki= z'(ZZLz)' <Vbas ((1 + m?)i -1+ m)i +(ca—1) ((?m)i - m’))

ERIC < (é + m?)i — (mF)' + (cg — 1) (2) Z)) : (S98)

In the null cooperativity case, c4 = cr = 1, we obtain Ky = K; = 0 and in consequence

(1)
— Vinax 41
= (2 + Tbas > = tl ,

* Gsp(x,mx)<0and e<1Vx>0 <= K, <0 <= <t;1,
e Gsp(x,mx)>0and e>1Vx>0 < K >0 < 1>

. Gs,p(x,mx)zoande:1Vx20<:>K2:0<:>

= =

In the repressor cooperativity regime, c4 = 1 and cg > 1, it can be estimated that Ky =
0, Ky > 0 and consequently

. Gs,p(x,mx)>0ande>1Vx20<:>K2>0<:>%R>:t1_1.

*  When K; <0, which happens if and only if %R <t 1 we obtain

- Gsp(x,mx)>0and e >1 forOﬁxﬁZfRfc}{ ::%,

A
- Gsp(x,mx) <0and e <1 Vx>%,

-1 -1

(1) (1) T
H = <2 + V;Z“") and t, = <d2 + Z’Z“W) being described in Table 1 in the
main text.

Finally, in the case activators’ cooperativity regime, c4 > 1 and cg = 1, we obtain
Ko =0, K; < 0 and consequently

~ S
¢ Gsp(x,mx) <Oande <1Vx>0 <= Ky <0 <= 1 <24 Al mn . 1
! bas

e When K; > 0, which occurs if and only if % >ty 1 then we have that

- Gsp(x,mx) <0and e <1 forOSxSZ‘iA_ll =
i h

7

W‘w
LN
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- Gsp(x,mx)>0and e >1 Vx> %.

Let us mention that the proof of the total cooperativity case is analogous to the proof of the
null cooperativity case.

In summary, the elasticities of the thresholds of the stimulated operator with two
enhancers depend not only on the cooperativity considered, but also on the rest of the

1
(1)
model parameters in terms of the quantities: f; = (2 + VT’ZZS") , hp = 2K4 B~ tl CR , b=
1 e

[

1
e e A

S7. Threshold Sensitivity Analysis with Hill Type Operators

Please note that the previous sensitivity analysis can be also applied in the Hill
modelling framework. That is, making the reduction to the global Activation and Repressor

variables,
1+( Al _H,[R})
lim Freg (([A], [R]); {{A, R}c}) = AT RN (599)
Kd cte ]. + ( + Kd)
1+ (14 R
lim Basal (([A], [R]); {{A,R}c}) = (% Kd)n, (5100)
&> (Al 4 [R]
Ky=cte 1+ (7 + 7)
4], IR\ (IR
lim Promoter (([A, [R]); {{A, R}c}) = (Kd K[dA? [Rg " d) '
Kj=cte 1+ (7 + 7)
and A R\
1+ aKA + r%
i, (AL D) (A0 (1) = [Aj)n ([Rf?q s
Kd Cte 1+ (7) + (7)
(A" L (#R])"
1+ (& + e,
N, B (AL 00 ) (1) = L [;;]) : <[Rf -
Kj=cte 1+ (7 + (7)
lim Promoter(([A], [R]); {{A}c, {R}c}) = (E?% n (S103)
I<Cd_=>l§e , , , 1+ (%])n-i- (%)n,
where we can deduce the threshold implicit function
Gy 1y ptham =0, (S104)

Y=

d Kq

with fH, ([A]; n) the threshold function for the Hill modules. Moreover, Lemma 54 is also
fullfilled in this case, where it is easy to check that all thresholds’ functions are straight
lines in the [A] — [R] plane, and hence € = 1. In order to prove that f!% ([A]) are linear for
all the Hill BEWARE operators (599)-(5103), we need to first obtain the implicit equation
for each threshold. Following the same procedure done in the non-extreme cooperativity
case, we obtain

Gl (x,y;m) = (ax+1y)" — (x + )", (5105)

GHL(x, 431) = Ppas (X +7y)" — (x + 1)) + vinie ((x + &7y)" — (&Fy)"), (S106)

Gfp(x,y;n) =" =1y"+ (a" —1)x" (5107)
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and
Gg_,lp (x/]/;”) = Tpas (77” - 1)]/n + V1S1nﬂ>xxn . (5108)

Since all these functions are homogeneous, that is, G (x,y;n) = x"GH(1,y/x;n), it is
straightforward to check that

aGH, oGH, H
(y 3y (x,y;n) +x 5 (x,y,n)> =nG.(x,y;n)

which means, from Equation (S89), that the threshold is a straight line in the [A] — [R]
plane, and hence € = 1 from Lemma S4.

However, it is important to note that Collorary S1 is not fulfilled in general, and the
dependence of ff, ([A];n) with the number of enhancers varies depending on different
parameter relations in the Hill versions of the Recruitment and Stimulated BEWARE
operators.

S8. Parameters

Table S3. Parameters used in Figure 2 in the main manuscriptfor the Recruitment BEWARE operator
with partial cooperativity.

| Parameter | Value | | Parameter || Value |
Cp (nMmin~ 1) 1 r (a.u) 0.2
Krp/[RNAP] (@) || 1 K, (nM) 0.8
ca (a.u) 25 Kg (nM) 0.8
cr (a.u) 100 n (a.u) 3
a (a.u) 4.7

Table S4. Parameters used in Figure 3 in the main text for the Stimulated BEWARE operator with
null cooperativity under perturbations (6) and (7) in the main text. These parameters have been
adopted from [16].

Parameter (present work) | Parameter (in[16]) [ e >1 [ e=1]e<1 |

¢ (a.u) 0.5¢ 4 01 | 025 | 05
7 (a.u) p = 0.5eg 0.5 0.5 0.5
Tbas (MMmin 1) SxB 50 50 50
vi. (nMmin1) Sxa 100 | 100 | 100
KA (nM) KAl = KAZ 4 4 4
KR (TIM) KRl = KR2 1 1 1
¢ (a.u) CA = CR = CAR 1 1 1
Krp/[RNAP] (a.1) 1 1 1
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Table S5. Parameters used in Figure S1 for the Recruitment BEWARE operator with total cooperativ-
ity (inverse logic case).

| Parameter T ® |
Cp (nMmin™ 1) 1 1
Krp/[RNAP] (a.u) 1 1
¢ (a.u) 400 | 400
a (a.u) 1.1 | 2.5
r (a.u) 0.1 | 09
K4 (nM) 20 | 100
Kg (nM) 100 | 20
n (a.u) 3 3
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