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(I) Model the fraction of DNA bound by OA~P

In this section, we describe the data processing of the electrophoresis mobility shift assay (EMSA)
used to examine the properties of OA boxes and constrain the biophysical model.

(i.1) Computing the fraction of bound DNA using the law of mass action under
equilibrium
The process of a particular OA box being bound by OA~P can be described according to the

reaction scheme Eqn. I. 1, with the forward reaction rate k; and backward reaction k,:

04J7°° + N - 0A~P 2 0Ahund Eqgn. 1. 1
Here, as in the main manuscript, OA{:ZfCe/bO“"d stands for free/bound binding site conformation,

respectively, and N is the number of free 0A~P molecules that bind to the free site. In accordance

with the mass-action equilibrium law, one can write the dissociation constant K; as:

box

k, [OAfree]x[0A~P]N
oAk

Egn. 1. 2

Assuming the total concentration of the binding site to be 1, the sum of bound and unbound form

can be written as:

1= [04}7°] + [0435"] Eqn. 1. 3
Then, by combining Egn. I. 2 and Eqn. I. 3, the concentration of bound binding sites can be written
as:

[0A~P]N /K, [0A~P]N [0A~PN

[0459%m4] = = = Eqn. |. 4
ox 1 + [OA"‘P]N/Kd Kd + [OA"‘P]N (Khalf)N + [OA"’P]N q

We chose to report binding affinity in the same unit of the OA~P concentration. Therefore, we let
K; = (Khalf)N, where Kjq¢ is the OA~P concentration resulting in a half-maximal level (i.e., the
probability that a OA box is bound is 50%).

(i.2) Augmenting EMSA data
To quantify the fraction of DNA bound to 0A~P, we performed gel electrophoresis mobility shift

assay (EMSA) for DNA fragments with mutagenesis combinations of the OA boxes (1). These
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fragments include those with single boxes (0A1, 0A2, and 0A3) and those with multiple boxes
(0A12, 0A13, 0A23, 0A123). For each DNA fragment, the experiment was conducted over 11
concentrations of OA~P (0 to 2 uM, at an interval of 0.2) with M biological replicates, with M €
(2,3,4}.

To model the fraction of bound DNA (042%4n4) for strains with only one OA box (“1”, 27, “3”,
denoting the presence of OA boxes), we performed the augmentation protocol for these three

DNA fragments. The protocol is as follows:

1. From the biological replicate data, we compute the mean and standard deviation of the
fraction of bound DNA, at each 0A~P concentration. We then randomly sampled from a
Gaussian distribution with the same mean and standard deviation to obtain the augmented

data point at each corresponding 0A~P concentration.

2. Given that, for each DNA fragment, there are a total of 11 X M experimental data points
before augmentation. Using the random sampling method above, we also sampled 11 x M

data points, for each DNA fragment.

3. Combining augmented data points for all three types of DNA fragment, this leads to
¥5=311 x M, newly generated data points, where M, is the number of replicate
experiments for each type of DNA fragment “s". We consider these many data points as

one augmented dataset.

4. We repeated the protocol 1000 times, leading to 1000 augmented EMSA datasets in total.

(1.3) Fitting the mathematical expression to EMSA data
Given known concentrations of 0A~P, we want to solve for the half-saturation constant (Kjqf)

and the number of 0A~P molecules (N). To this end, we fit Egn. I. 4 to a single augmented dataset
of the single-OA box measurements. The optimization error between model prediction and

augmented empirical EMSA data (Egys4) is defined as:
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s=3T=Mst=11

1 2
Egmsa = mz Z tzl (Pbound(EMSA)s‘r‘t - Pbound(Model)S‘r‘t) Eagn. . 5

s=1 r=1

Where, s is the type of DNA fragment (“17, “2”, “3”), r is the particular replicate out of M, total
replicates for each DNA fragment (M, € {2,3,4} depending on s), and t is the concentration of

OA~P unique to each measurement. Pyouna(emsa),,, aNd Ppoundamoder),,, 1S the experimental

data and model-generated data, at a specific s, r, t, respectively.

A total of 1000 sets of K; parameters, including Kj,,;s for each OA box (Khalfl'Khalfszhalf3) are

obtained by fitting Eqn. I. 4 to all 1000 augmented datasets, one at a time. The model fitted to
each augmented dataset is optimized at least 20 times using the MATLAB Particle Swarm
Optimization algorithm (2). The mean with a 95% confidence interval in each optimized Kjq;¢
parameter across 1000 augmented sets is shown in Figure 4B. We also examined the model fits
by examining different possible values of N, and only N = 4 fits the best (Table S2).

(i.4) Developing a general statistical thermodynamic model and predicting the
fraction of bound DNA for strains with multiple binding sites

In the previous section i.1, we showed that the concentration of bound DNA can be computed
using the law of mass action under equilibrium, assuming the total concentration of DNA is 1. This
approach is equivalent to computing the probability of DNA being bound (Pyoynq) USing equilibrium

statistical thermodynamics.

Specifically, to compute Py,,na, We divide the statistical weight representing 0A~P bound by the
sum of the statistical weights representing all possible system states (3, 4). For a DNA fragment
with only one OA box present, only two possible system states are possible: OA~P bound to the
0A box, or OA~P free. As a result, the probability of a DNA fragment with one OA box being bound
by OA~P (Pyouna, one box) IS diven by Eqn. I. 6, where the statistical weight of each state depends
on the binding energy at a particular OA box (G;) and the cooperativity (N) (5, 6). The unbound
state is assumed to have zero binding energy.
[0A~P]N exp(=G;)

Phound,one box =
' 1 + [0A~P]N exp(—Gy) Eqn. 1. 6
Statistical weight Statistical weight
of unbound state of bound state
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Noteworthy, comparing Eqgn. I. 4 and Eqn. I. 6, we see that, for a OA box ‘i’
Kg, = exp (G;) and Kpq;r, = exp (%) Eqn. . 7

Where i € [1,2,3]

To understand why this is true intuitively, consider the case where, in Egn. I. 6, a more negative
binding energy increases the statistical weight of the bound state to increase the probability of
DNA being bound. When the binding energy is more negative, K; become smaller, suggesting

that the forward reaction (DNA is bound) is favored and that the binding affinity is higher.

Next, we derive statistical thermodynamic expressions to compute the probability of DNA being
bound by OA~P for DNA fragments with multiple OA boxes. For DNA fragments with two OA boxes,
box i and j, there are four possible states the DNA is bound by OA~P: 1) neither i nor j bound; 2)
i bound; 3) j bound; 3) i and j bound. As such, the cumulative probability where at least one 0A

box is bound (Pouna.two voxes) CAN bE Written as:

1

P =1-
bound,two boxes 1‘, + [0A~P]N exp(—Gi) + [0A~P]N exp(—G]-) + [0A~P]2N exp(—(;i — G]. — Gij) Eqn I 8
Neither Bound i Bound j Bound Both Bound

Where, G; and G; are the binding energies of each OA box, and G;j is the interaction energy
between two bound transcriptional factors (also known as “secondary interaction energy”). The
variable N represents the cooperativity level between 0A~P molecules. The underlying brackets

indicate the type of configuration represented by the Boltzmann weight.

For DNA fragments with three OA boxes, box i, j, and k, there are 23 possible configurations that
the DNA fragment is bound by 0A~P. Similarly, one can calculate the cumulative probability where

at least one OA box is bound (P pound three boxes) as:

1

Pbound,three boxes = 1 — E Eqn- 1.9

Where, Z =7, + Z, + Z3; + Z,. The decomposition of Z,, Z,, Z; and Z, is shown below:
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Zy = 1+ [0A~P]Mo4 exp(—G,) + [0A~P]Noa exp(—G;) + [0A~P]Vo4 exp(—Gy) Egn. I. 10
Z, = [0A~P]?Noa exp(—G; — G; — Gyj) + [0A~P]?Noa exp(—G; — Gy, — Gyy.) + [0A~P]?Noa exp(—G; — Gy, — Gy Egn. I. 11

Zy = [0A~P]3Noa exp(—G; — G; — G, — Gi; — Gy — Gy, — Gyjp.) Egn. I. 12

Noteworthy, in Eqgn. I. 9, in addition to secondary energy between every pair of OA boxes (G;;),
the tertiary interaction energy (G;j,) when all three OA boxes are bound is also considered.
Particularly, Z, is the sum of statistical weight for configurations with only one OA box occupied;

Z, represents all statistical weights for configurations with two OA boxes occupied. Z; is the
statistical weight of the configuration with all three boxes being occupied.

We then use each set of model-optimized K; parameters from section i.3 to compute the
probability of DNA being bound, for strains with two or more OA boxes (12, “13”, “23”, and “123”).
To start with, we convert K; parameters to the binding energy G based on Eqn. I. 7. Then,
assuming no secondary or tertiary energy, i.e., G;; = 0 and G;j, = 0, we compute the probability

of DNA bound using Egn. I. 8 and Egn. I. 9. The predicted results are shown in Supplementary
Figure S2.

(I) Biophysically model promoter activity for DNA with a single

promoter

The single-promoter model framework is applied to strains with only Pv present (“Pv strains”) and

only Ps present (“Ps strains”).

For a DNA fragment with a single promoter and with n — 1 ligand sites, binding of transcription
factors (TFs) and transcriptional machinery results in 2" possible unique ways in which these n
sites can be occupied. Each possible way is defined as a “configuration” (a), which is represented

using binary variables (o):
a= [01, 02,03,0pr0] Eqgn. . 1
Where g; = 1 denotes the site being occupied, and 0 otherwise. In this specific model, the

variables a,,0,,0; represents bound/unbound OA1-3 box, respectively. The variable o,

represents bound/unbound promoter by RNAP.
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Next, for the configurations that can transcribe, i.e., those with g,,,, = 1, the effective transcription
rate (vefrectivey is modeled as the product of RNAP binding probability (P) and the maximum
transcription initiation rate (v,,4,) (6—9). The effective transcription rate of each mutant strain (MS)
considers the contributions from all promoter-bound configurations, and is therefore calculated as

follows:
ef fective _
vMSonepromoteT - Z Umaxapa Eqn 1. 2
aear
Where, vﬂj’;’: ig;if:moter, is the effective transcription rate of a mutant strain with a single promoter
(mutant strain, or ‘MS’, can be ‘1’, 2°, ‘3’, ..., “123’, and ‘none’, depending on the type of strain

used in the experiment). Variable, a;, is the number of possible configurations with promoter

bound, i.e., a; = [01,02,03,0pm = 1].

Assuming both reactions happen at thermodynamic equilibrium, in the below sections, we expand

P, and vmax, using dimensionless energy landscape parameters (Figure S11) (5, 6).

(ii.1) Binding probability, P,
The binding probably of RNAP to the promoter can be written as the ratio between the Boltzmann
weight (BW) of a particular configuration (a;) and the sum of Boltzmann weights over all

configurations (also known as the partition function) (5-7, 10), as shown in Eqn.Il.3:

BWaEaT BW(XE(ZT

P = = Egn. Il. 3
“Car =SB, % BWacay + 2 BWacar a

Here, agr corresponds to the configurations where RNAP is not bound to the promoter (i.e.,
Arp = [01,02,03,apm = 0]). The Boltzmann weight of each configuration (BW,) depends on the
free energy of the configuration, the concentration of the bound ligands, and the cooperativity of

the ligands. As such, one can further expand Eqgn. 11.3 as:

_ exp(—G geqy) X [0A~P]Vo1 5 [R]"rer Eqgn. II. 4
3 o) x 0A~PT x F]

PC{EC{T
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Where, [R] and [0A~P] are the concentration of RNAP and SpoOA~P, respectively. Variable ¢°,
is the free energy of configuration a. The variables Ny, and N, are the number of bound
Spo0A~P molecules and the number of bound RNAP, respectively. We assume N,,; = 1, given
that not more than one RNAP can bind simultaneously to a single promoter region. Ny, is
assumed to be multiples of 4 based on the estimation of EMSA data (Result Section 2.2;

Supplementary Section I).

Further, the denominator of Eqn. 1.4, can be decomposed into configurations with promoter

bound (a;) and promoter unbound by RNAP (arr):

exp(—G’geqy) X [0A~P]Noa x [R]Vpol
ZaEaT exp(_GoaeaT) X [OA~P]N0A X [R] + ZaEaTF exp(_Ganan) X [0A~P]NOA

Egn. 1.5

P(ZEOIT =

The free energy of a configuration, G°,, depends on the binding of ligand sites and can be written

as:

Gy = zaiG"i +ZcriojG°ij + Z 0;0j0, G’ jk Egn. 1. 6

i i#j i#j*k

With, i,j and k € {1,2,3, pro}.

Here, G°;, G°;j, and G’ are the binding energy of each bound ligand, secondary interaction

energies between each pair of bound ligands, and tertiary interaction energies between every

three of bound ligands, respectively.

According to Eqn.ll.6, each single-site binding energy can only contribute to G°, if the
corresponding site is occupied (¢ is equal to 1). Moreover, each interaction energy can only
contribute to G°,, if the cognate binding sites are all occupied (product of ¢’s is equal to 1). Notably,

we assume the free energy for the configuration with no site being bound ([cr1 =0,0,=0,0;5 =

0, 0y = 0]) to be 0.

To make notations comprehensive for the following sections, below we show how to expand the

summation terms in Eqn. Il. 6 as a function of specific energy parameters:
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Z 0iG"; = 0,G"1 + 0,G"5 + 03G°3 + 010G pro Eqgn. II. 7

i

Z CFL-O']-GOL-]- = 010,G"1; + 0103G’°13 + alo_proGolpro + 06,0363 + Gzo_proGOZpro + 0_3JproGo3pro Eqn 1.8
i*j
Z O-io-ja-kG ijk = 0,0,03G"13 + UlazaproG 12pro + 0-10-30-1)1'06 13pro + 0-20-30-737'06 23pro Eqn 1.9
i#j2k

Where G°;, G°,, G°3, and G°,,, are binding energies of each ligand binding site; ¢°1;, G"13, G"23,
and G°1,3 are interaction energies between OA~P bound at each OA boX; G*1pr0: G*2pros G3pros
G’12pr0r G'13pro, @Nd G°23,y are interaction energies between at least one 0OA~P and the RNAP

bound at the promoter.

To emphasize, for those configurations where the promoter is bound (« € ar), the free energy of
these configurations (G°yeq,) assumes a,,, = 1. Conversely, the free energy of all promoter-

unbound configurations (G°zerr) asSUMES opr, = 0.

(ii.2) Maximum initiation rate, v,y

The maximum transcription rate of configuration a can be written as:
Umaxqy = €XP (_GZ;) Eqgn. II. 10

Where, G‘I is the activation energy for the transcription reaction. G(}L can be decomposed as:

G; = Z O-l'GiT + 20’1'0']'65- + Z O-io-jO-kGl'-S'k Eqn 1. 11

i i#j i#j*k

With, i,j and k € {1,2,3, pro}.

Here, Gi*, Gi‘;., and G;rjk are the activation energy resulted from each site being bound, activation
energy resulted from a pair of sites being bound, and activation energy from three sites being

bound, respectively. Further, we assumed that G;rj and G;;-k are nonzero.
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According to Egn. Il. 11, each single-site binding energy can only contribute to G,I if the

corresponding site is occupied (o is equal to 1). Also, each interaction energy can only contribute

to G,I if the cognate binding sites are all occupied (product of ¢’s is equal to 1).

(1l1) Biophysically model promoter activity for DNA with two promoters
The model framework described above (Supplementary Section IlI) can be extended to compute
gene expression for strains with both Pv and Ps promoters present (“PvPs strain”). For a gene
segment with two promoters and three transcription factor binding sties, each possible

configuration (a) can be represented as:
a= [01,02,03,0;,’T0,05r0] Eqgn. lll. 1
Where, o,,,, 05y, denote Pv bound/unbound or Ps bound/unbound, respectively.

In a two-promoter system, transcription is possible if at least one promoter is bound. Therefore,
configurations where only Pv is bound (a,), configurations where only Ps is bound (a;), and

configurations where both Pv and Ps are bound (a,) all contribute to the effective transcription

rate. As such the effective transcription rate of a two-promoter mutant strain (vfwg ;zl:f:moters) can

be written as:

ef fective _
1JMStwopromoters - Z vmaxapa + Z Umaxapa + Z vmaxa’P“ Eqgn. 1. 2
aea, aeag AEAys
Where,
a, = [01,02,03,0;,’m =1,0pr0 = 0] Egn. lll. 3
ag = [0-1,0-2,0-3,0-1};1«0 =0,0pr0 = 1] Eqn. lll. 4
(ys = [01, 02,03, 05r = 1,05y = 1] Eqn. IIl. 5

Similarly to Eqn.II.3, the probability of RNAP binding to a particular configuration, P,, is computed
using Boltzmann weights of configurations (BW,,) (5—7, 10). This way, one can explicitly express
P, depending on whether the configuration has Pv bound (a,,), Ps bound (a;), or Pv and Ps both

bound (a,s), as shown below:
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 BWeq, BW,eq,

P, = = Eqn. IIl. 6
= T BW, % BWacq, + % BWaeq, + % BWacq,. + 2 BWecar, a
Py = Waca; _ BWaca, Eqn. lIl. 7
“% T YBW, X BWeyea, + X BWyeq, + X BWyeq,, + X BWyeq,, Y
BW, BW,
Prcays = = p = — Egn. IIl. 8

Y BW, X BWaeq, + X BWaca, + X BWacay, + X BWacar,
Since Boltzmann weights of each configuration depends on the free energy of the configuration,
the concentration of the bound ligands, and the cooperativity of the ligands, one can further

expand Eqn.l11.6-8 as:

Poea, = Z Eqn. lIl. 9
exp(—G°peq,) X [0A~P]No4 X [RS] Ean. IIl. 10

Paeas = 7 gn. 1il.
exp(—Gea,,) X [0A~P]Noa x [RV][R"] Ean. Il 11

Paeavs = 7 gn. .

Where [R”] and [R¥] are the concentration of RNAP bound at promoter Pv and Ps, respectively.

Meanwhile, Z, the statistical weight of all configurations, can be written as:

Z=721+27Z,+723+27, Egn. Ill. 12

Where,
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Z; = Z exp(—G°aeaU) x [04~P]"o4 x [RY] Eqn. lll. 13

agay,

Z, = z exp(—G},eas) x [04~P]No4 x [R°] Eqn. Ill. 14
acag
Z3 = Z exp(~6'aea,,) X [04~P]"04 x [R'][R’] Egn. Ill. 15
a€yg
Zy= ) exp(~Guesyy) X [04~P] Eqn. Ill. 16

aearg

Similar to Egn. Il. 6, for a two-promoter system, G°,, depends on the binding of ligand sites and

can be written as:

Gy = 201'601' + ZUinGoij + Z 0;0j0, G’ jk Eqn. lll. 17

i i#j i#j*k
With, i,j and k € {1,2,3,pro?, pro® }

The summation terms here can be further decomposed in specific energy parameters as in Eqn.
Il. 7-9. However, due to the existence of 2° (three OA boxes and two promoters) total possible

configurations, the decomposition becomes too extensive to be shown.

Also, the common existing parameters between Eqn. II1.17 and Eqn. II.6 have the same value
(e.g., the interaction energy of 0A1 and 0A2 box, G°4,, is assumed to be the same, independently
of how many promoters the mutant strain has). Noteworthy, the models do not assume the

existence of interaction energy between the two promoters, with or without OA boxes bound.

Lastly, due to the additivity observed in the empirical data, we assume that, for configurations with

the same OA boxes being occupied, vy, , is additive between the two promoters. As such, Eqn.

Il. 2 can be rewritten as:

ef fective _
vMStwopromoters - Z vmaxa’Pa + Z vmaxaPa’ +Z(Umaxa6ay + vmaxaeas )Paeavs Eqn . 18

aeay, aEag a
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Where, Umaxaca, and Umaxgeq, &€ the maximum transcription initiation rates unique to Pv and
Ps promoter, respectively. The values of vy, @Nd Vg, are the same as vpq,, for each

respective single promoter model. Noteworthy, this assumption does not necessarily result in an
additivity level equal to 1 for all the biophysical models tested.

We also note that in the main manuscript, for simplicity, Section 2.5 configurations are shown as
a 3-digit number. These configurations all assume promoter(s) are bound. That is, notation ‘101’
for ‘Pv strains’ in the main manuscript is, in fact, [o; = 1,0, = 0,05 = 1, 0y, = 1]. Similarly, the
notation “100’ for ‘PvPs strains’ in the main manuscript is in fact [0; = 1,0, = 0,03 = 0,05, = 1,

Opro = 1].

(IV) Biophysical models with different types of transcription control

In the previous section (Supplementary Section Il and Ill), we formulated the biophysical
framework to model the effective transcription rate of a gene regulated by a single- or dual-
promoter system. We assume TF can affect promoter activity by two different control mechanisms:
thermodynamic or kinetic (Supplementary Figure S12 and S13). In the following section, we
introduce how each mechanism is quantitively represented. Then, within each type of control, we
further describe how it is applied to a single- and dual-promoter system. Noteworthy, since 0A~P
is the transcription factor in this case, we use “TF” and “OA~P” interchangeably, and “TF binding

site” and “OA box” interchangeably.

(iv.1) Biophysical model with purely thermodynamic control
A purely thermodynamic model assumes TF binding affects the probability of RNAP binding to
the promoter but has no impact on the overall transcription rate (Supplementary Figure S12).

Below we show how we applied such assumption to the single- and dual-promoter system.

(iv.1.a) For a single-promoter mutant strain
In our study, the single promoter system corresponds to single-promoter mutant strains with either
Pv or Ps promoter. Since thermodynamic control has no effect on the overall transcription rate,

the vpax,, In Egn. 1.2, has the same value for all configurations (a).
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Umaxq=0001 = Ymaxgq=0011 =~ = Vmaxg=1111 Eqn. IV. 1

Instead, TF binding changes the transcription rate by affecting the probability of RNAP binding,
specifically, by assuming nonzero interaction energy between any bound OA~P and bound RNAP.
These include OA~P/RNAP secondary energies (G°;, i € {1;2;3}, j € {promoter}) and
OA~P/OA~P/RNAP tertiary energies (G°;ji, i € {1;2;3}, i #j € {1,2;3}, k € {promoter}). The
sign of these interaction energies determines the mechanism of action as described below:

0: activat
G"j {< ACtIvazor | here i e {1;2; 3}, j € {promoter} Eqgn. IV. 2

> 0:repressor

< 0:activator

G'ijk {> 0: repressor where i € {1;2;3}, i #j € {1;2; 3}, k € {promoter} Eqn. IV. 3

Given that all maximum transcription rates are identical regardless of the configuration, Eqgn. II. 2

for “Pv strains” and “Ps strains” can be simplified into:

veffective" . p
MSone promoter max a Eqn V. 4
aear
ef fectiveS .5
VMSone promoter Vmax Fa Egn. IV. 5
aear

Where vy, and vy, are maximum overall transcription rates for “Pv strains” and “Ps strains”,

respectively.

(iv.1.b) For a double-promoter mutant strain
In our study, the double-promoter system corresponds to the mutant strains with both Pv and Ps
promoters, ‘PvPs strains’. Given Egn. lll. 18 and Eqn. IV.4-5, the two-promoter effective
transcription rate of a mutant strain with two promoters, under purely thermodynamic control, can

be described as:
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ef fective”s _
1jMStWOpmmotws - V#lax Z Py + vf;lax z Py + (Urlr;lax + Urglax) Z Py Egn. IV. 6

aEay, acag A€y

Notably, a purely thermodynamic control model is generally not additive (Figure S5), i.e., the
activity of the double promoters cannot be estimated by adding together the single promoter’s
activity. However, under certain parameter regimes, it can be additive. Below, we explore other
parameter regimes in which additivity is possible, assuming the simplest model: two promoters
and a single OA box, specifically 0A3.

To compute additivity level, we first compute single- and dual-promoter transcription rate. For a
single-promoter strain in accordance with Eqgn. Il. 2, there are two promoter-bound configurations
that contribute to the effective transcription rate, [o; = 0,0, = 0,03 = 0,0,,, = 1] and [o; =
0,0, = 0,03 = 1,05 = 1]. The effective transcription rate can then be expanded using Eqgn. Il. 5-

7, with assumptions of thermodynamic control (Section iv. 1. a):

ef fective® _ Ui [RL] exp(_Gﬂéru) + [Ri][OANP]NOA exp(_GoiJra - G°3 - Gogpro)
onepromoter MY 1 4 [0A~P]Noa exp(—G°3) + [Ri] exp(—G7hy,) + [RU[0A~P]|Noa exp(—G7yy — G'5 — G 1)

Eqgn. IV. 7

Where, i € {s,v} depending if it refers to Ps or Pv promoter. The variable G°,,, is used to represent
promoter-specific RNAP binding free energy. The variable G°5,,,, is the RNAP-TF interaction and

Vmax 1S the maximum transcription initiation rate. The variable G°; is the binding affinity of 0A~P
at 0A3.

Next, using the dual-promoter modeling framework (Eqn. 11l. 9-17) and assuming thermodynamic
control (Egn. IV. 6), we can write the effective transcription rate of the dual-promoter strain (PvPs

strain) as:
v er = VV + Vs + Vs Eqn. IV. 8
where,
S ([R*] exp(=G%y, ) + [RVI[0A~P]Vo4 exp(=G%rp — G5 — G3pr)) Eqn. IV. 9
max Z
Ve —ps URTTeXD(=G"5r0) + [R*]I0A~P]o4 exp( =G50 = G = G'3pro)) Eqgn. IV. 10
max Z
Vvs = (Uv + v ) ([RV][RS] exp(—(;“;m — GQISJTD) + [Rv] [RS][OANP]NOA exp(—Gogm — Gaxsara — Ga3 — Gogpro - Gagpro)) Eqn IV 11
max max. Z

The partition function Z is equal to:
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Z=7,+7Zy+Z,
where,

Zg = 1+ [0A~P]Moa exp(—G°3) + [R”] exp(—G"Zﬂ,) + [R®] exp(—G"f,m)
Zy = [Rv] [OA"’P]NOA exp(_Gozro —G’5— Gogpro) + [RS] [OA"'P]NO“1 eXP(—Gofwo -G53 — Gogpro)

Ze = [R°][R*] exp(=Gpro = G'3r0) + [RVI[R°I[0A~PI¥04 exp(=Gpro = Gpro = G°3 = G%pro = G 5pro)
Next, we simplify the above expressions by defining:

[0A~P]Vo4 exp(—=G°3) = [0A~Plyorm
[R'] exp(=G"pro) = [R'lnorm
eXP(—Goépm) = @3
Where, i € {s,v}
Consequently, single-promoter transcription rate in Egn. IV. 7 can be written as:

effectivet =y [Ri]norm(1 + (pgi[OANP]norm)
e 1+ [0A~P]norm + [Ri]norm(1 + §03i[0A~P]norm)

3one promoter

And dual-promoter transcription rate in Egn. IV. 8-11 can be written as:

peffectve™ oy, 4 Vs 4+ Vs

3 two promoter

where,

[Rv]norm(l + (p3v[0A~P]norm)

Vv = viax 7
s [Rs]norm(l + (p3s[0A~P]norm)
VS = Vmax 7
[Rv]norm[Rs]norm(l + Q3,935 [OA"’P]norm)

Vvs = (Ur’z;mx + Viax) 7

The partition function Z in Eqn. IV. 12-15 is rewritten as

Z=27.+27Z,4
Where,
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Ze=1+ [0A~P]norm + [Ru]no‘rm(1 + (P3V[OA~P]norm) + [Rs]norm(l + (p3s[0A~P]norm) Eqn V. 25

Zd = [Rv]norm[Rs]no‘rm(1 + (P3v(p3s[0A~P]norm) Eqn IV 26

From Eqn. IV. 19, one can observe that if [0A~P],,,,m > 0 (i.e. reaching saturation), the term “1”

and [R] become negligible and the single-promoter transcription rate can be written as:
norm

veffectivei SO (p3i[Ri]n°rm_ Eqgn. IV. 27

3one promoter  ~Max 1+ (p3i[Ri]norm

Similarly, for the dual-promoter transcription rate, the term “1”, [R”],.0rm,» @nd [R*],0r-m In EQN. V.

20-26 also become negligible. As such, Egn. IV. 20 becomes:

veffectiue”s . U‘glax(pw[Rv]norm(l + (pSS[RS]norm) + v‘rsnax(PSS[Rs]norm(l + ‘P3V[Rv]norm) Eqn V. 28
Stwopromoter 1+ P3v [Rv]narm + P3s [Rs]norm + P3vP3s [Rv]norm[Rs]norm ' .

Comparing Egn. IV. 28 to Egn. IV. 27, we observe that Eqn. V. 28 corresponds to the sum of the
single promoters’ equation (Eqgn. IV. 27 for i=s and i=v). This suggests that under the regime of

TF saturation ([0A~P],orm > 0) the thermodynamic control model is additive.

In addition to the regime where TF is saturated, there are other trivial regimes for which a
thermodynamical model is additive. For example, if [R?],,0rm < 1 and [R¥],,orm < 1. Due to very
weak RNAP binding affinity, the binding probability of RNAP is very small. Alternatively, for ¢, <
1 and ¢,, < 1. Due to strong repulsion between RNAP and TF, binding probability of both RNAP
approaches 0. In these cases, since transcription rate coming from all promoters is close to zero,

transcription rate tends to be additive.

(iv.2) Biophysical model with purely kinetic control
A purely kinetic model assumes TF binding affects the overall transcription rate but has no impact
on the recruitment of RNAP to the promoter (Supplementary Figure S13). Below we show how

we applied such assumption to the single- and dual-promoter system model framework.

(iv.2.a) For a single-promoter mutant strain
In the kinetic control mechanism, the RNAP binding probability is not affected by 0A~P binding.

As such, there is no interaction between RNAP and OA~P. Instead, for kinetic control, the effect
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of TF binding is on the maximum transcription rate. As such, vy, in Eqn. Il. 2 is assumed to be

different for 0A~P bound and OA~P unbound configurations.

In addition, the relative magnitude of vy, , reflects the mechanism of action. If vy, , of a OA~P

bound configuration is smaller than the OA~P unbound configuration, the binding of the OA box
has a repressive effect, or vice versa, as described below:

< Vmax g=ggo: FEPressor Eqgn. IV.
Vmax . ]
ar > Vmax 4=g0o" ACtivator 29

Where, ar = [O'IJO'ZJUBJUpromoter = 1].

The decomposition of the effective transcription rate (Eqn. 11.2), for the kinetic control model, is

described in the following paragraphs.

First, given that secondary (G°;;) and tertiary interaction (G°;j ) energies between bound 0A~P

and bound RNAP are null (zero) in a kinetic model, Eqgn. 11.6 can be written as follows for promoter-

bound (ar, where o,,, = 1) and promoter-unbound (arr, where o,,, = 0) configurations, in

accordance with Eqn. Il. 7-9:

Eqgn. IV.
GCaear = 01G"1 + 0,672 + 03G"3 + Gpro + 0105G"15 + 0103613 + 02036723 + 01020367123 30
Eqgn. IV.
G acapy = 01G°1 + 02,G%2 + 03G°3 + 010,G"13 + 0103G°13 + 0203G"23 + 010203G°123 31
Note that Eqgn. IV.8 can also be written as a function of Eqn. IV.9:
GanaT = GanaTF + Gopro Egn. IV. 32
As such, the binding probability of RNAP to the promoter, Eqn. 1.5, becomes:
exp(—G°,0) X [R exp(—G° X [0A~P]Noa
p(=G’pro) X [R] P(=Gacary ) X [0A~P] Eqn. IV, 33

P, = = X ~
¢ 1+ exp(—G pro) X [R] ZC(EQ’TF exp(—G aEan) [OANP]NOA
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exP(_Gapro)X[R]

Note that the factorization of the term -
1+exp(—Gpro)X[R]

suggests the effect of RNAP is independent

from the effect of transcription factor on binding probability, as expected in a purely kinetic model.

effective

Finally, the effective transcription rate of a mutant strain (v ;¢ ), Eqn. 11.2, can be written as:
ef fective _ exp(_Gopro) X [R] Z
% = v, X P, Eqn. IV. 34
MSone promoter 14+ exp(_Gopro) X [R] maxgear aearrp q 3

a

Where, the rate can be computed by summing the binding probability of 0A~P (a € a;r), weighted
by their corresponding Umax gear (for example, probability of the configuration [0, = 1,0, = 0,03 =
1] will be multiplied by the vy, of configuration [o; = 1,0, = 0,03 = 1,05, = 1]), and multiplied

by the factorization term.

(iv.2.b) For a double-promoter mutant strain
Below we show how to mathematically formulate the effective transcription rate of a dual-promoter
system assuming TF effects are kinetic. We also show analytically that a purely kinetic control

model leads to an additive transcription rate between two promoters.

First, in the dual-promoter system, the free energy for configurations with no promoter bound
(G’ zearp) are equal to that in the single-promoter system (Eqn. 1V.9). Further, since G’4¢q,, does
not account with interactions between 0A~P and RNAP bound to either promoter, and given there
is no interaction between the two bound promoters, the energy for each group of configurations,

G wea,r Cacay AN Ggeq,., N Eqgn. 111.9-11, can be conveniently expressed as a function of

o
G aearg:

Gana’,, = GDaEan + GDZ?’O Egn. IV. 35
Goaeas = Goaeaﬂ: + Gozro Egn. IV. 36
Goaeavs = Ganan + Gopro + Gof}ro Eqgn. IV. 37

With this simplification, the binding probabilities in Eqn. Ill. 9-11 can be written as:
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Prca, = exP(_Goaéuu) XE)A"'P]NM x [R”] _ exp(—(;o;m) x [R"] x ex;(_(;oaearp) X [0A~P]Noa Eqn V. 38

Prca, = exP(_GadEas) X EOA"'P]NOA x [R°] _ EXP(—Gﬂfzro) x [R°] x exg(_aoaean— ) X [0A4~P]Noa Eqn V. 39
b B exp(—G”aEam) X [0A~P]Noa x [R¥][R*] B exp(—(;"zm - G“:,m) X [R¥] X [R®] x exp(—G"aeaTF) X [0A~P]Noa Eqn V. 40
acays — 7 - 7 " "

Given Eqgn. IV.13-15, Z, the statistical weight of all configurations, can be written as:

Z=01+ exp(—G";m) x[RV]D) (1 + exp(—G"f,m) x[R°D (1 + Z exp(—G“,,,EaTF) X [0A~P]Noa)

Pv unbound /bound Ps unbound /bound aEarg
TF unbound /bound

Egn. IV. 41

ef fective
VMs
two promoters

In accordance with Eqn.lll.2, the effective transcription rate ( ) is then each

promoter-specific configuration weighted by its promoter-specific vp,qy

ef fective
MSI,’WD promoters

=vl+v2+v3 Eqn. IV. 42
Where, v1, v2, and v3 can be written as:

exP(_GogTO)[RV] 2a Umaxgeq, X Pocary

- Eqn. IV. 43
(1 + exp(_GQZ‘m) X [RV])(l + exp(_GO;SJro) X [RS])

172 — exp(_GOZSJTO)[RS] Za vmaxaeas X PdEdTp Eqn IV 44
(1 + exp(=G70)  [RDA + exp(=67,,) x [R])

v3 = exp(_Gozro - Goszro)[Rv] [RS] Za (vmaxaeav + Umaxaeas ) X Panch Eqn. I\V. 45

(1+ exp(—G";m) x [R"h@a + exp(—G";m) x [R*])

Here, ar,,. are the set of configurations concerning the binding of TF only. The variables Umaxaca,
and Uimaxgeq, 81€ the maximum transcription rate for each promoter-specific configuration when

promoter is bound.

Further, one can expand the numerator of v3 (Eqgn. IV.23) into:
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exp(—G°§ro - Gozsaro)[Rv] [Rs] (Za vmaxaeav X Paean + Za 17maxaeg,s X PaeaTF )

3 Egn. IV. 46
(1 + exp(=6%,,) x [R'DA + exp(=673,,) x [R°])
As such, now Eqn. 1V.20 be rearranged into
;I];fe”ive _ exp(—G";m)[R"] Zacvmaxaew X Poears +exp(—G°f,m)[Rs] ZaovmaxaEas X Poeary Eqn. IV. 47
two promoters 1+ exp(—G Zm) x [RY]) 1+ exp(—G ;S;ro) x [R*5])

Which is exactly the sum of single-promoter effective transcription rate (Eqn. 1V.12) between two
promoters. This additivity property of the purely kinetic model is in agreement with the additivity

observed in the experimental data.

(iv.3) Model with mixed control

The types of transcriptional control described in Supplementary Section iv.1 and iv.2 assume
0A~P acts on both promoters with the same type of control: thermodynamically or kinetically. It is
also possible that transcriptional regulation at each promoter is unique, including two possibilities:
i) kinetic Pv and thermodynamically regulated Ps; ii) thermodynamic Pv and kinetically regulated
Ps. Below we introduce the model framework of single- and double-promoter models with mixed

control, assuming the case of kinetic Pv and thermodynamically controlled Ps.

For simplicity, the framework for single-promoter thermodynamic model and for single-promoter
kinetic model have been developed in Supplementary Section iv.1.a and Supplementary Section
iv.2.a (Eqn. IV. 5 and Eqgn. IV.12) and will not be detailed here.

To compute the effective transcription rate of a dual-promoter mixed model, we follow the general
framework introduced in Supplementary Section Il to calculate the RNAP binding probability.
Using Eqn. 111.6 (generalized form of the Boltzmann factor for Pv bound configurations), the
contribution from Pv promoter due to kinetic control can be written using the same rationale as in

Supplementary Section iv.2.b:

b exp(=G"pro) X [R”] X exp(=G’geay;) X [0A~P]VoA Egn. IV. 48
acay, Y. exp(=6,) x [04~P]Yos x [R*] x [R*] o
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We then assign a maximum transcription initiation rate for all configurations in the two-promoter
system. Based on Supplementary Section iv.1, because Ps is thermodynamically regulated, all
Vmax, fOr @ € a are the same (here denominated as universal vy,,,). Based on Supplementary
Section iv.2, the kinetically-regulated Pv will have a unique vy,,,, for each configuration. In
accordance with Eqn. Ill. 18, the effective transcription rate for a dual promoter mutant strain can

be written as:

ef fectives’ _ 171'Snax Zueus Pa + exp(_Gc;m)[Rv] Zu vmaquuv X PaEan + Za (vmaxaEav + vrf’tax) PaEavS Eqn IV 49
MStwo promoters Zu exp(—Goa) X [0A~P]NDA X [Rv] X [RS]

(V) Constrain the biophysical gene regulatory model with EMSA

predicted parameters

In this section, we show how parameters predicted from EMSA data are used to constrain the

biophysical gene regulatory model.

In Supplementary Section |, we obtained binding dissociation constant for each 0OA box
(Khalfl,Kha,fz,Kha,fB) and N. We first converted optimized Ky, parameters into binding energy
parameters according to Eqn. I. 7, and call these Gguysa,, Gemsa, Gemsas- Then, we let the binding
energy of single OA boxes (G°;, G°,, G°3, see Eqn. Il. 7) in the biophysical model equal to
Ggmsay Gemsay Gemsas » respectively. In other words, the occupancy of OA boxes during

transcription is assumed to be the same as the occupancy of OA boxes during EMSA.

However, directly using Ggmsay, Gemsa, Gemsas in the biophysical model fails to yield a unique fit
(model was found to be degenerate), suggesting the model needs to be more tightly constrained.
Interestingly, G°;, G°,, G°; are consistently found to be more negative than estimated

Gemsay Gemsa, Gemsas- AS sUch, to better constrain the model, we assume that there is a common

ratio between 0 and 1, «a, between Kg,54 (half saturation constant estimated from EMSA) and K*

(biophysical model half saturation constant) such that:

Koh l Koh l Koh l
alfi  _ afz  _ alfs  _ (4 Eqn V.1

K K K
half pysat half pysaz half pysaz

Where,
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o G’ GEmsa;
K half; = exp (W) and KhaleMSAi = exp (%SA) Eqn V 2

Here, N refers to the cooperativity of 0A~P and is predicted to be 4 in accordance with Section I,
and the subscript {1,2,3} denotes each OA box. Given that Ggys, Values are known, the degree
of freedom in the binding affinity parameter space is decreased from three to one. Under this
regime, a unigue model solution is found (Table S4).

One physical interpretation for a is that it represents the active fraction of the total OA protein
added to the EMSA. Notably, during gel shift experiment, while the amount of total purified [0A]
is explicitly reported, the amount of active form [0A~P] that binds to the DNA fragment is unknown.
As a result, the estimated binding affinities of OA boxes based on reported [0A], i.e.,

Gemsay Gemsa, Gemsaz from Supplementary Section |, must be adjusted. In other words, the “true”

OA box binding affinities are functions of Ggys4 and a.

The model fitting results yields that « = 0.2.

(V1) Compute OA box occupancy probability using best-fit kinetic

model parameters

In Result Section 2.4, we showed that the effect of 0A~P binding is saturated att = 2 h. Here, we
first demonstrate how to compute the probability of 0A~P binding to OA boxes. Then, we show
why saturation in OA box binding probability leads to no change in effective transcription rate as

a function of 0A~P concentrations.

The occupancy probability of 0A boxes by OA~P for each strain is calculated in the same way as
described in Section |, Egn. I. 6, Eqgn. I. 8, and Eqgn. I. 9 for DNA fragments with one, two, and
three boxes, respectively, using the best-fit binding energy and interaction energy parameters
shown in Supplementary Table S4. Occupancy probability for each mutant strain is shown in

Supplementary Figure S6.

Notably, the expressions representing the Boltzmann weights of different OA~P bound
configurations in Eqgn. I. 6, Egn. I. 8, and Eqgn. I. 9 also appear in the calculation of the Boltzmann
weight in Eqgn. II. 4, in both promoter-bound and promoter-unbound configurations. If there is no

time-dependent change in RNAP concentration, and given that the maximum transcription
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initiation rate is constant over all time points, there is no change in effective transcription rate in
accordance with Eqgn. Il. 2, i.e., saturated OA~P binding probability will result in a saturated
effective transcription rate.

(VIl) Bayesian Information Criterion for differentially constrained

models

To verify that the model is not overfitted upon the addition of interaction energy parameters, we
computed the Bayesian Information Criterion (11) (BIC) for the models with none or up to three

secondary interaction energies (G;,, G,3, G,3) being zero.

To compute the BIC, we use the following formula (11):

pars

N
BIC = log(E) + ST log(N,ps) Eqn. VII. 1

obs

Where E is the error of the objective function employed during optimization of the biophysical

model (Methods and Section 4.5). The variable N, is the number of unknown fitting parameters,

and N, is the total number of experimental data points.

The lowest BIC is found in the model with all secondary interaction energies being nonzero
(Supplementary Figure Table S5). As such, the model with the existence of higher-order
interaction energies does not overfit the experimental data, and the kinetic control model requires

the attractions between bound OA boxes to explain spoOA autoregulation.

(V1) Model-predicted regulatory role of OA boxes determined from

effective
Vinay and ve/f

In Figure 6, we examined the model-predicted effect of 0A~P binding at different boxes in two
ways: 1) by analyzing the change in the maximum transcription initiation rate of each configuration
(Vmax o+ Figure 6A-C) relative to the configuration ‘000’; 2) by analyzing the effective transcription

and veffective

Mstwo promoter

rate at t = 9 h of each mutant strain (vS/ °*™®

Msone promoter

, Figure 6D) relative to the

‘none’ strain. Below, we show that these two tests are analytically equivalent for a single-promoter

kinetic control model. We then show that, for the double-promoter kinetic control model, the two
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tests are not equivalent, as the OA~P binding effect on the dual-promoter effective transcription
rate is the weighted sum of OA~P binding effects on Pv and Ps, respectively.

(viii.1) for single-promoter strains

Here, we will demonstrate that the relative OA box effects on v,,,, and vé/fectve are quantitatively
equivalent in single-promoter strains. We assume the most complex case with all 0A boxes being
present (‘123 strain’). Due to the nature of the kinetic control model, in accordance with Egn. IV.
12, the effective transcription rate can be written as a product of the factorization term (denoting
RNAP binding) and the sum of 0A~P binding weighted by configuration-dependent maximum

transcription initiation rate:

effective? _ exp(=GYro)*[R"]
1230ne promoter 1+exp(—G°‘I;m)>< [RY

] (Vimaxeee; P0000 + Vinaxges Pooto + " + Vmaxq11, P1110) Eqgn. VIII. 1

effective’ _ exp(=G5ro)x[R%]
1+exp(—G5r0)X[RS

] (Vimaxene; P0000  Vimaxges, Pooto + " + Vimax111,P1110) Eqgn. VIII. 2

1230ne promoter

Here, superscript ‘v’ or ‘s’ are promoter-specific parameters. The binary subscripts for v,,,, are
written in terms of promoter-configurations a; the binary subscript for P are written in terms of
promoter-unbound configurations a;r, in accordance with Section iv.2.a and Egn. IV. 12. For

example, ‘0011’ denotes 0A3 box bound and promoter bound.

Att =9 h, for strain “123’, the probability of all boxes being bound (P1110) is equal to 1 (Figure S6).
As such, all other possible configurations have a probability equal to zero. Given this, the effective

transcription rate for Pv and Ps ‘123’ can be simplified into:

ep(=Ghr) X IR, Eqn. VIII. 3
1+ exp(—G"gm) x [R”] 1111 ) '

ef fectiveV — exp(_GOZro) X [Rv] v
1230one promoter 1+ exp(_Gvgro) % [Rv] maxiii1

Py =

effectiveS _ exp(_Gof)ro) X [RS] s p _
1230ne promoter - 1+ exp(_Gozra) x [RS] maxq111° 1110 —

e (=Ghro) X [R]_, Eqn. VIII. 4
1+ exp(—G"f,m) x [R5] 1111 ) '

In Figure 6D, the effective transcription rate of each strain is relative to the ‘none’ strain. Using
Eqgn. 1l. 2, Eqn. 1l. 5 and Eqgn. II. 6, the effective transcription rate for ‘none’ strain can be written
as below, with [0A~P] = 0 and a; = [0,0,0,1]:
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ef fective¥ _ exp(—5°5ro) X [RU] v

maxooo1

v Egn. VIII. 5

Nnoneéone promoter - 1+ exp(_GogT'O) X [Rv]

ef fective® _ exp(_Gogs)ro) X [RS] vS
Nnoneone promoter 14+ exp(_Gof)TO) X [Rs] maxopopo1

Egn. VIII. 6

The fold change in ‘123’ strain compared to ‘none’ strain, therefore, is the ratio between Eqn. VIII.
3 and Eqgn. VIII. 5, and the ratio between Eqn. VIII. 4 and Egn. VIII. 6, for Pv and Ps, respectively:

ef fective? v
123one promoter _ Umaxllll

j- v
effective Umaxoo01 Eqn. VIII. 7

Nnoneéone promoter

ef fectives
vS
123one promoter _ Ymax1111
effectives 8
velt Vmaxo001 Eqn. VIII. 8

NON€pne promoter

Here, the fold change in effective transcription rate between ‘123’ and ‘none’ strain is the same
as normalizing v, 4, of configuration ‘111’ (where maximum number of allowable boxes are bound
in “123’) by the v,,,,, of configuration ‘000’. This is true for all other mutant strains, because of the
saturated effect of OA~P binding at t = 9h for all mutant strains. Moreover, the fold change does

not depend on the concentration of RNAP.

(viii.2) for double-promoter strains

Using the additive property of the kinetic control model (Egn. IV. 25) and knowing that OA~P
binding probability is contributed exclusively by a single configuration, which saturates at the last
time point (as shown in section viii.1), the effective transcription rate for ‘123’ and ‘none’ for ‘PvPs
strains’ can be directly represented using Eqn. VIII. 3-6:

effectiveVs ____effective? effectiveS _exp(=GFro)x[R"]

123two promoters 123one promoter 123one promoter - 1+€Xp(_G°1z]7ro)X[R”] maxii11 +

Egn. VIII. 9
exP(_anJro)x[RS] s q
1+exp(—G"3ro) X [R¥] maxi111
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effective?s effective? effectiveS exp(=G hro)x[RY]
£f — et 4 el _ _exp(=Gpro) - n

noneétwo promoters noneéone promoter noneéone promoter 1+exp(_(;“zro)><[RV] maxooo1

Eqgn. VIII. 10

exp(—G“f,ro)x[RS] s
1+exp(=G"5ypo)X[RS] ~T3¥0001

For convenience, we can define

7 = exp(—G°§,ro) X [Ri]
1+ exp(—GLyo) X [RY]

with i € {s, v}.

When computing the ratio between ‘123’ and ‘none’ for ‘PvPs strains’, we obtain the following

expression:

effective’

12340 promoters

ef fectiveVs T DD, DSq,S
R vmax0001 + R vmax0001

NONetwo promoters

DU,V DS,,S
R vmax1111 + R vmax1111

Egn. VIII. 11

To further simplify this equation, we divide the top and bottom of Eqn. VIII. 11 by

—_—

Uhax o001 Vinaxgoo1 R° R° - IN doing so, we obtain:

v

v

ef fective”S % . U
iy S RS v v RY vy
two promoters __ maxooo1 maxi111 + maxo001 maxiiii E n V”I 12
ef fectiveVs 1 , 1 v 1 } 1 vy, an .
maxopo01 maxopo01

noneétwo promoters

S pS | U S pS U
Ymaxgoo1R® Vimaxooo1R Yinaxooo1R® Ymaxooo1R

Here, we observe that the effect of 0A~P binding on a two-promoter strain is the weighted sum of
the effect on the single-promoter expression, i.e., the weighted sum of the ratio between Pv-bound
and Ps-bound v,,,, (weighted sum of Egn. VIII. 7-8). In addition, the fold change of the ‘123’ strain

in relative to ‘none’ strain now depends on the concentration of RNAP.

(IX) Find RNAP holoenzyme dynamics common to spoOA and non-
spoOA promoters

In Result Section 2.5, to verify whether o#- and ¢"-RNAP holoenzyme levels are time-dependent
in general, we measured the activity of two non-spoOA promoters: Phyper-spac (o” specific) and

citG promoter PcitG (o" specific) over 7 hours. Below we show the method adopted to find a
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common time-dependent ¢ -RNAP increase that explains both Phyper-spac and Pv gene

expression. The same method can be applied to find the 6-RNAP increase for PcitG and Ps.

To start with, we assume the increase in o®-RNAP is identical between the ‘Pv strain, none’
expression and the constitutive expression of Phyper-spac. Since both strains do not include 0A
boxes, these strains allow us to focus on the effect of change in c*-RNAP level solely. Based on
the same modeling framework for a single promoter (Supplementary Section Il), there are only
two binding configurations possible for such DNA fragment with one promoter (i.e., [6; = 0,0, =
0,03 = 0,0y, = 0] and [o; = 0,0, = 0,03 = 0,0, = 1] ). Thus, the effective transcription rate of

each promoter, contributed by the promoter-bound configuration, can be written using Egn. Il. 2:

o oh
peffective = vt Ph Egn. IX. 1

NoNé€pne promoter
vsgggsziv:;;mom = VmaxP” Eqgn. IX. 2
Here, the superscript ‘h’ or ‘v’ denotes promoter-specific maximum transcription initiation rate and
promoter-specific RNAP binding probability, for the configuration [o; = 0,0, = 0,03 = 0,0y, = 1]

in each promoter.

The RNAP binding probability of each promoter can be written using Eqgn. IIl. 5 and Eqgn. II. 6 as:

ph = exp(~Gpro) X [R'] Eqn. IX. 3
exp(—Go) X [R"] +1 o

s exp(=Ghro) X [RY]
exp(—Gro) X [R¥] + 1

Eqgn. IX. 4

where, 6’5, and G°;,, are RNAP binding affinity to the hyspac and spoOA vegetative promoter,

respectively. Here, there is no binding of transcription factor such as 0A~P (i.e., [0A~P] = 0).
In accordance with the assumption in the RNAP holoenzyme, we rename the RNAP concentration
variable as [RCO™™Mon]:

[Rh] — [Rv] — [Rcommon]

By examining Eqn. IX. 1-4, one can see that there are two parameters (i.e., V4, and G, ) that

can be potentially responsible for the difference in effective transcription rate between Physpac
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. h .
and Pv (i.e., between v/ ective and pe/sective ). Here, we assume that the maximum

ON€pne promoter Noneéone promoter

transcription initiation rate is the same between the promoters (renamed as v2,, = Viax =
veemen) | but the binding affinity of each promoter is unique (G, # G%,,).

To this end, let the gene expression of Physpac and Pv at a particular time point t = w hour be

. h .
ef fective iz, and vefrective” | ' and let the RNAP holoenzyme concentration at the

ONe€one promoter

V.
NON€pne promoter

same time point be [R];=,,. As such, the ratio of model-predicted effective transcription rate
between two promoters att = w hour can be expressed as:

exp(=Ghya) X (R,

ef fectivel | vrcno(gclmon oh Common
NoNeone promoter | t=W _ exp(—G pro X [R ]t=w +1
effective? - _[°v common
nonepne promoterlt:w U&Oar;lmon exp( OG pTO) X [R ]t=w
xp(—Ghro) X RV, + 1
[Reommon] _ Eqn. IX. 5
[ Rcommon]t= —_—
B Y exp(—Go)
- [Rcommon] tmw
1
[Rcommon]t=w +

exp(—G7y0)

Next, we define the ratio in experimentally measured promoter activity between two promoters at

realhl
t=w

realV

t = w hour as
X

le=w

To find the o#-RNAP increase that explains both Phyper-spac and Pv gene expression, we

minimize the difference (Esgmq) between model-predicted and measured ratio of gene

expression across all time points:

ef fective h
NONE€one promoter
ef fectiveV
Nnoneéone promoter

h
le=w  xreal e

le=w Eqn. IX. 6

|t - xreal”
=w

£ 1

stgma — 7 ] Xrealhlt w
te(2,8 =
Xreal”lt_w

We found reasonable G, , G°W,, and [RE™™"]._,, (i € [2,8]) parameters using MATLAB

(2021a) Particle Swarm Optimization (2).
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Table S1. List of lacZ reporter fusion strains used

Also shown is the ‘Alias’ name used to refer to each strain in the main manuscript and

supplementary files.

B. subtilis strains identifier Reference Genotype Alias
(2) PvPs
No Pv or Ps removal, no .
amyE::Pspo0A"-lacZ spc com| %% (9766 — 5609) S 0A mutation Stlrggm
Q) PvPs
* No Pv or Ps removal, .
amyE::Pspo0A”*" -lacZ spc comI®** (9673 — 5609) S 0A1 mutated strza\}aln,
(2) PvPs
. No Pv or Ps removal, .
amyE::PspoOAOAZ -lacZ spc com|?*? (9674 — 5609) S 0A2 mutated strlaén.
Q) PvPs
« No Pv or Ps removal, .
amyE::Pspo0A”*-lacZ spc comI¥*?" (9675 — 5609) S 0A3 mutated strlagn,
amyE::Pspo0A” ?-lacZ spc comI®*?" (pMF1056 — 5609) (1) No Pv or Ps removal, PvPs
S 0Al and 0A2 mutated strain, 3
amyE::Pspo0A”"*"-lacZ spc comI®*" (pMF1010 — 5609) @) No Pv or Ps removal, PvPs
S 0A1 and 0A3 mutated strain, 2
amyE::Pspo0A”**"lacZ spc comI®** (pMF1057 — 5609) () No Pv or Ps removal, PvPs
S 0A2 and 0A3 mutated strain, 1
e 1 PVP
amyE::Pspo0A” ?¥ JacZ spc comi®? (pMF1058 — 5609) @ No Pv or Ps removal, Stain
S 0A1, 0A2, 0A3 mutated ’
none
1) Pv
. Ps removed, no 0OA .
.. 0A4 Q12L fl
amyE::Pspo0OA™" -lacZ spc coml (10128 — 5609) S mutation stlrggh
(2) Pv
*4x Ps removed, 0A1 .
. 0A1*4 Q12L )
amyE::Pspo0A -lacZ spc coml~"" (10129 — 5609) S mutated Stg“'
1) Pv
g% Ps removed, 0A2 .
.. 0A2*4 Q12L ’
amyE::Pspo0A -lacZ spc coml (10130 — 5609) S mutated strla:;n,
(2) Pv
iq* Ps removed, 0A3 :
.. 0A3*4 Q12L ’
amyE::Pspo0OA -lacZ spc coml (10131 — 5609) S mutated Stl’légn,
amyE::Pspo0A”" **lacz spc comI®** (pMF1059 —5609) @) Ps removed, 0Al and Pv
S 0A2 mutated strain, 3
amyE::Pspo0A” ** " lacz spc comI®*?" (pMF1043 — 5609) @) Ps removed, 0Al and Pv
S 0A3 mutated strain, 2
amyE::Pspo0A”? " JacZ spc comI®?" (pMF1060 —5609) 1) Ps removed, 0A2 and Pv
S 0A3 mutated strain, 1
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spgeg 1 Pv
amyE::Pspo0A”"?* ™ lacz spc comI®**" (pMF1061 @) Ps removed, 0AL, 0A2, strain
—5609) S 0A3 mutated none
Q) Ps
amyE::PAVWt-IacZ spc coml®*?" (9795 — 5609) S Pv remg;/;?dnno 0A strain,
123
. (1) Ps
amyE::PAvOA1 -lacZ spc com|®* (PMF1068 — 5609) S Pv rer:]nu?[\;?:a 0AL strain,
23
amyE::P % Jacz spc com|*? (9796 — 5609) S . Pvremoved, 0A2 st;?n
=P, ,
v mutated 13
. (1) Ps
amyE::P AVOAS -lacZ spc coml¥? (9797 — 5609) S Pv renr?u(g?sa 0A3 strain,
12
.~ OAL¥2* Q12L Q) Pv removed, 0A1 and Ps
amyE:P,, -lacZ spc coml (PMF1070 — 5609) S 0A2 mutated strain, 3
.p O0AL3* QiaL 1) Pv removed, 0A1 and Ps
amyE:P,, lacZ spc coml™"" (pMF1071 — 5609) S 0A3 mutated strain, 2
o OA2*3* Q12L Q) Pv removed, 0A2 and Ps
amyE:P,, -lacZ spc coml (PMF1072 — 5609) S 0A3 mutated strain, 1
o (1) Ps
amyE:P, """ jacz spc comI®**" (pMF1073 —5609) S PV R %jdt%?:d 0A2, strain,
none
- . . A . i
amyE::Phy-spac-lacZ cm coml 912- (342 — 5609) S Original to this| Constitutive o” specific Phyper
study hyper-spac promoter spac
amyE::PcitG-lacZ spc coml Q2 (877 — 5609) C Original to this| ~ Constitutive 0" specific PcitG

study

CitG promoter
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Table S2. Optimization error of the thermodynamic model fit to EMSA
data under different assumptions of cooperativity

The fold change in optimization error (Supplementary Section I, subsection i.3) between the two
optimizations with different N is ~3.7 fold.

Cooperativity | Optimization error

2 0.1410

4 0.0382

Table S3. List of the parameters used in the biophysical models

Parameters Description
G°; Binding energy of 0A~P to 0Al
G, Binding energy of 0A~P to 0A2
G5 Binding energy of 0A~P to 0A3
G°, Binding energy of RNAP to Pv promoter
G’ Binding energy of RNAP to Ps promoter
G°1> Interaction energy between 0A~P bound at 0A1 and 0A2
G°13 Interaction energy between 0A~P bound at 0OA1 and 0A3
G553 Interaction energy between 0A~P bound at 0A2 and 0A3
G"123 Interaction energy between OA~P bound at 0A1, 0A2, and 0A3
[0A~P]i=y Concentration of OA~P at the w™ hour. w € [2,9]
[R¥]t=w Concentration of sigma H-associated RNAP at the w™ hour. w € [2,9]
[RY] = Concentration of sigma A-associated RNAP at the w" hour. w € [2,9]
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G T pro Interaction energy between OA~P bound at 0A1 and RNAP bound at Pv
G Spro Interaction energy between 0A~P bound at 0A2 and RNAP bound at Pv
G 3pro Interaction energy between 0A~P bound at 0A3 and RNAP bound at Pv
o Interaction energy between OA~P bound at 0A1, OA~P bound at 0A2, and
repro RNAP bound at Pv
o Interaction energy between OA~P bound at 0A1, OA~P bound at 0A3, and
tapro RNAP bound at Pv
- Interaction energy between OA~P bound at 0A2, 0A~P bound at 0A3, and
23pro RNAP bound at Pv
- Interaction energy between 0A~P bound at 0A1, OA~P bound at 0A2, 0A~P
123pro bound at 0A3, and RNAP bound at Pv
v Maximum transcription initiation rate for configurations where Pv is bound but
1%
Tooos no OA box is bound
" Maximum transcription initiation rate for configurations where Pv is bound
1%
TaFoon and 0A3 is bound
v Maximum transcription initiation rate for configurations where Pv is bound
1%
aForon and 0A2 is bound
v Maximum transcription initiation rate for configurations where Pv is bound,
v
o 0A2 and 0A3 are bound
v Maximum transcription initiation rate for configurations where Pv is bound
v
001 and 0AL1 is bound
v Maximum transcription initiation rate for configurations where Pv is bound,
v
maFon and 0A1 and 0A3 are bound
v Maximum transcription initiation rate for configurations where Pv is bound,
1%
ol and 0A1 and 0A2 are bound
" Maximum transcription initiation rate for configurations where Pv is bound,
vmax1111

and OA1, 0A2, and 0A3 are bound
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G pro Interaction energy between OA~P bound at 0A1 and RNAP bound at Ps
G 3pro Interaction energy between OA~P bound at 0A2 and RNAP bound at Ps
G 3pro Interaction energy between 0A~P bound at 0A3 and RNAP bound at Ps
s Interaction energy between OA~P bound at 0A1, OA~P bound at 0A2, and
repro RNAP bound at Ps
s Interaction energy between OA~P bound at 0A1, OA~P bound at 0A3, and
tapro RNAP bound at Ps
s Interaction energy between OA~P bound at 0A2, 0A~P bound at 0A3, and
zspro RNAP bound at Ps
oS Interaction energy between 0A~P bound at 0A1, OA~P bound at 0A2, 0A~P
123pro bound at 0A3, and RNAP bound at Ps
s Maximum transcription initiation rate for configurations where Ps is bound but
1%
Tooos no OA box is bound
s Maximum transcription initiation rate for configurations where Ps is bound
1%
mFoons and 0A3 is bound
s Maximum transcription initiation rate for configurations where Ps is bound
1%
maForon and 0A2 is bound
s Maximum transcription initiation rate for configurations where Ps is bound
v
Mo and 0A2 and 0A3 are bound
s Maximum transcription initiation rate for configurations where Ps is bound
v
001 and 0A1 are bound
s Maximum transcription initiation rate for configurations where Ps is bound,
v
maFon and 0A1 and 0A3 are bound
s Maximum transcription initiation rate for configurations where Ps is bound,
1%
ol and 0A1 and 0A2 are bound
s Maximum transcription initiation rate for configurations where Ps is bound,
vmaxnn

and 0A1, 0A2, and 0A3 are bound
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Table S4. Model-predicted parameter values from the best fit purely
kinetic model with the existence of all higher-order interaction

energies

Higher-order interaction energies referto ¢°;,, G°13, G°,3, and G°;,3 in the biophysical model. The
mean of predicted parameters across 20 independent optimization runs is reported with standard
deviation. Full parameter list and corresponding descriptions are shown in Table S3. Note that
the energies between OA boxes and promoters do not exist (values are zero, thus not shown) in
the purely kinetic biophysical model. Values of ¢°;, G°,, G°; are not directly optimized, but
obtained by offsetting Ggmsa,, Gemsa, Gemsas With @ single, fitted parameter (Supplementary

Section V).

Parameter Mean Std Unit
G°4 -5.42 <10e-3 KT
G, -2.35 <10e-3 kT
G5 -7.40 <10e-3 KT
G1z -8.54 1.22 KT
G°13 -8.82 5.04 KT
G’y3 -13.96 0.087 KT

G123 -9.58 7.0283 KT
Vhhaxosss 685.03 22.17 a.u.
Vhhaxoois 617.18 13.80 a.u.
Vhaxoro: 628.38 11.17 a.u.
Vhhaxein 693.85 17.22 a.u.
Vhhaxsos 410.64 7.77 a.u.
Uhaxion 412.87 11.94 a.u.
Vhhaxiio0 350.20 5.93 a.u.
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Vmax,i1a 466.28 14.93 a.u.
Vimazooos 977.09 34.19 a.u.
Viaxooss 1254.91 | 41.21 a.u.
Vinazgsor 736.31 23.62 a.u.
Viaxeiss 149.61 5.15 a.u.
Viaxieon 1077.36 | 34.68 a.u.
Vimax,o14 1233.93 40.93 a.u.
A 680.73 23.31 a.u.
Viaxiiiy 280.15 10.18 a.u.
[R¥],, 0.25 0.01 uM
[R¥];=3 0.35 0.02 HM
[RV],4 0.35 0.01 uM
[R¥]¢=s 0.50 0.02 HM
[RV],—¢ 0.73 0.03 uM
[R¥];=7 1.11 0.06 uM
[RV],g 1.37 0.08 uM
[R¥]¢=9 2.00 0.02 uM
[R5] ;< 0.06 0.002 uM
[R¥]¢=3 0.13 0.005 uM
[RS]pes 0.44 0.02 uM
[R¥]¢=s 0.73 0.05 uM
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[R%],6 1.08 0.07 my
[R%],-, 1.33 0.09 my
[R%],=s 1.73 0.14 my
[R¥],0 1.90 0.15 my

Table S5. The optimization error of the purely kinetic biophysical

model under different assumptions on the existence of high-order

interaction energy parameters

The optimization error is computed based on Material and Methods Section 4.5, Egn. 5. Higher-
order interaction energies refer to G°;,, G°13, G°»3, and G°;,3 in the biophysical model. Shown in
the second column is, under the current assumption, how many higher-order interaction energies
are nonzero (i.e., the energy exists). The Bayesian information criterion (BIC) was computed for
each assumption. In grey is the best fitting model (i.e. lowest optimization error), where all
secondary energy parameters are nonzero and tertiary energy parameter is zero. Full parameter

list and descriptions are shown in Table S3.

Number of

Assumption for energy hlgh_er—ord_er Optimization error BIC

parameters energies being
nonzero

G’12=0,G’13 =0,G"53 = -0.7646
0, G"1ps = 0 0 0.1886

Golz * 0, G°13 = 0,0023 = 1 01665 ‘08619
0, G°123 = 0

Golz = 0, G°13 * 0,6023 = l 01807 ‘07799
0, G°123 = O

Golz = 0, G°13 = 0,0023 * 1 01375 '10533
0, 60123 = 0

Golz = 0, G°13 = 0,6023 = l 01740 ‘08176
0,G°1,3#0
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G°12 #0,G°13 # 0,673
0, 60123 = 0

0.1538

-0.9140

Golz * O, G013 = 0,6023
0, 60123 = 0

0.1118

-1.1720

Golz * 0, G°13 = 0,6023
0,G°1,3#0

0.1508

-0.9333

Golz = O, G013 * 0,6023
0, 60123 =0

0.1286

-1.0929

Golz = O, G°13 * 0,6023
0,G°1,3#0

0.1605

-0.8708

6012 =0, G°13 = 016023
0,G°1,3#0

0.1259

-1.1140

G2 #0,G13#0,G°y3 #

0, G°123 =0

0.0731

-1.6301

Golz i O, G°13 i 0,6023
0,G°1,3 #0

0.1369

-1.0026

Golz * 0, G°13 = 0,0023
0,G°1,3#0

0.0774

-1.5725

Golz = 0, G°13 * 0,6023
0,G°1,3#0

0.0858

-1.4697

Golz ¢ 0, G°13 ¢ 0,0023
0,G°1,3#0

0.0731

-1.6033
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Table S6. Dissection of the effect of 0OA~P binding and RNAP binding

on spoOA expression for each mutant strain

Using best-fit model parameters (Table S4), the biophysical model was simulated with either
constant OA~P concentration (second column) or constant RNAP holoenzyme concentration
(third column) over time. For each simulation, the fold change of effective transcription rate in the
last time point (t = 9h) in comparison to the first time point (t = 2h) was computed for each entry.

Fold increase in Fold increase in
Mutant Strain | veffective que to RNAP | veffective que to 0A~P
holoenzyme only only

Pv, 1 3.4624 0.6102
Pv, 2 3.4624 0.9050
Pv, 3 3.4624 0.9293
Pv, 12 3.4624 0.6831
Pv, 13 3.4624 0.7881
Pv, 23 3.4624 1.0000
Pv, 123 3.4624 0.9993
Pv, none 3.4624 1.0000
Ps, 1 11.5727 1.0923
Ps, 2 11.5727 0.7564
Ps, 3 11.5727 1.1597
Ps, 12 11.5727 0.8166
Ps, 13 11.5727 1.0550
Ps, 23 11.5727 0.9964
Ps, 123 11.5727 1.0007
Ps, none 11.5727 1.0000
PvPs, 1 5.8806 0.7540
PvPs, 2 5.8141 0.8619
PvPs, 3 6.0573 1.0030
PvPs, 12 6.0642 0.7259
PvPs, 13 6.6931 0.8944
PvPs, 23 3.9389 0.9998
PvPs, 123 4.6452 0.9995
PvPs, none 5.8151 1.0000
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Figure S1. Fitting the experimentally determined fraction of bound
DNA to a statistical thermodynamic model with a Hill coefficient (N) of

2
Model prediction (dashed lines) and empirical measurement (solid lines with standard deviation
error bars) are shown for DNA fragments with one OA box mutation. The fitting is worse than when

considering cooperativity (N) of 4.
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Figure S2. Predicting the fraction of bound DNA for constructs with

o
w

DNA fraction bound
PLN

multiple boxes present using single binding energies optimized from

the statistical thermodynamic model

Solid data points with error bars are experimental measurements with standard deviation. Dashed
lines with colored patches are mean predictions with standard deviations, using different
parameter sets derived from 20 augmented measurements. Dashed yellow and dashed black

lines overlap.
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Figure S3. Model input dynamics of SpoOA~P concentration for the
wildtype (WT) strain

Predicted dynamics are based on (12).
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Kinetic Pv, Thermodynamic Ps
Thermodynamic Pv, Kinetic Ps

Purely Thermodynamic

Purely Kinetic

0 0.1 0.2 0.3 04 05
Optimization Error
Figure S4. Optimization error for all biophysical models examined
Each model was optimized at least 20 times to examine if it best fits the experimental spoOA
promoter activity using the MATLAB Particle Swarm Optimization algorithm (2). The number of
fitting parameters was kept the same across all models. Shown is the mean and standard
deviation of the output of the objective function (Material and Methods Section 4.5, Eqgn. 5) for the

four transcriptional control models tested.
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Figure S5. Additivity of thermodynamic and kinetic control models

Additivity level for the purely kinetic model (marker “O”) and for the purely thermodynamic model
(marker “X”) with two OA boxes on the DNA fragment, under randomly sampled energy

parameters. The experimental data (solid line with colored regions and error bar) with two OA

boxes (0A2 and 0A3) are shown for reference.
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Figure S6. Probability that all OA boxes are bound for strains with one,

two, or three boxes on the DNA fragment
Occupancy probability is computed with OA~P dynamics shown in Supplementary Figure S3 and

best-fit energy parameters in Supplementary Table S4.
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Figure S7. Model-predicted gene expression for all mutant strains

computed with constant sigma factor levels
Each plot corresponds to a promoter-specific strain A) ‘PvPs strains’ with constant c4-RNAP and

constant ¢”-RNAP, B) ‘Pv strains’ with constant 64-RNAP and C) ‘Ps strains’ with constant /-

RNAP.
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Figure S8. Model-predicted RNAP holoenzyme dynamics

Dashed lines are the mean concentration of RNAP holoenzyme bearing o” (blue) and o* (yellow).
Colored patches are the standard deviations in predicted dynamics across 20 independent
optimizations based on Table S4.
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Figure S9. Normalized model-predicted effective transcription rate

Shown are normalized v¢/7 for strains with (A-C) single boxes and with (D-F) multiple boxes.

Note the normalization is done by dividing the time-dependent prediction by its own final-time

prediction, then by the prediction of ‘none’ for each promoter-specific construct. Normalization is

performed for all dashed lines in Figure 5B-G.
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Figure S10. Sigma factor activities in spoOA promoter and other

promoters

Normalized expression of two o-dependent promoter over time, hyper-spac and Pv of SpoOA;
also shown is the normalized expression of two of-dependent promoters over time, citG and Ps
of spoOA. Note that data normalization is done by dividing each measurement by its
corresponding measurement at t = 2 hours. Expression of spoOA Pv and spoOA Ps is the same
as ‘Pv strain, none’ and ‘Ps strain, none’, respectively. The non-overlapping between blue dashed
line and blue filled circles indicates hyper-spac and Pv have different promoter binding affinity.

The same is true for citG and Ps.
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Figure S11. Energy diagram of transcription modeled as a two-step

process

Reaction 1 corresponds to RNAP binding to the promoter (closed-complex formation). Reaction
2 corresponds to the post-closed-complex step. Namely, isomerization into an open complex and
RNA synthesis initiation (8). Activation energy, G°,, between product and reactant state of

reaction 1 determines the probability of RNAP binding (Eqn. Il. 4). Activation energy of reaction

2, G;L, determines the maximum rate of transcription vy, , (Eqn. Il. 10).
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Figure S12. Energy diagram of transcription with purely

thermodynamic control

Upon binding of the transcriptional factor, an activator (repressor) lowers (increases) the potential
energy of the polymerase binding reaction, indirectly lowering (increasing) the activation barrier
in the same reaction, but there is no change in the activation energy of the transcription initiation

reaction.
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Figure S13. Energy diagram of transcription with purely kinetic

control
Upon binding of the transcriptional factor, an activator (repressor) lowers (increases) the
activation energy of the transcription initiation reaction, but there is no change in the free energy

of the polymerase binding reaction.
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