Supplemental Text S2 — Derivation of a
thermodynamic model for the hepcidin promoter

The hepcidin promoter consists of three major regulatory elements, all of which are
controlled by IL6 and/or BMP signaling [1]: (i) the STAT-binding site (STATBS); (ii) and (iii) the
BMP-responsive elements 1 and 2 (BRE1 and 2). When occupied by cognate transcription
factors, each of these sites may directly recruit RNA polymerase Il and thereby initiate
transcription. Additionally, the transcription factors may mutually enhance their impact on
transcription, e.g., by cooperative promoter binding, DNA looping or opening of chromatin.

A thermodynamic model of transcription was derived in order to quantitatively describe
signal integration by the hepcidin promoter (reviewed in [2-4]). Thermodynamic modeling
applies methods from statistical thermodynamics to describe combinatorial binding of
transcription factors to promoters. The approach additionally takes into account protein-
protein interactions on the promoter: (i) transcription factors may contact RNAP, and
thereby promote RNAP recruitment and transcription. (ii) transcription factors may form
pairwise complexes, thus cooperatively enhancing their promoter binding or transcriptional
activation. In the following, we will derive a thermodynamic model comprising all possible
pairwise protein-protein interactions on a promoter containing three transcription factor
binding sites. As described in Supplemental Protocol S3, we reduced the complexity of this
model based on model fitting and model selection approaches.

A central concept in thermodynamic modeling are the so-called promoter states which
represent the transcription factor binding configurations of a promoter. Combinatorial
binding of transcription factors to three specific binding sites in the promoter and
polymerase binding to the transcription start site (TSS) gives rise to 2* = 16 promoter states
(Fig. 2A).

Thermodynamic modeling assumes that the transcription initiation rate is proportional to
the amount of polymerase bound to the promoter. We therefore derive an expression for
the probability of polymerase binding based on the promoter states. The probability of
polymerase binding is given by the sum over the statistical weights of the polymerase-bound
promoter states divided by the sum over all promoter weights (52.1)

We use the notation ‘P’ to describe empty promoter states where all P polymerase
molecules are bound non-specifically to genomic DNA (or diffuse freely in the nucleoplasm).
‘P-1’ refers to the active promoter scenario where one polymerase molecule is bound
specifically to the TSS, and the remaining P-1 molecules show background or no binding.



Using a similar nomenclature for each of the activating transcription factor binding sites A;,
we can write the sum over the statistical weights of the polymerase-bound states as (52.2)
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The total statistical weight additionally takes into account 8 polymerase-free promoter
states (52.3)

Ziot = z Zpouna t z Zfree
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The weights of the 16 individual promoter states are given by (52.4)
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Here, Nys is the number of non-specific binding sites in the genome. The Boltzmann weights
&7 characterize specific binding of protein i to the promoter, while £* describes non-specific
binding to the genomic background. Transcription factor complexes with RNAP and other
transcription factors are described by the weights &p 4, and Eaia; respectively.

Using Egs. S2.2 — S2.4, the probability of polymerase binding (Eq. S2.1) can be rewritten as
(52.5)
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In the last step, we calculated the ratio of Z(P,A1,A,,A3) and Z(P-1,A1,A3,A3), and additionally
assumed that the number of polymerase and transcription factor molecules is much smaller
than the total number of non-specific binding sites in the genome (Nys >> P, Nns >> Az, Nns
>> A,, Nys >> Ag). This leads to the following approximation (S2.6)
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Additionally, we used the notation Aep = &5 — 8, and will use similar definitions to

describe specific vs. non-specific binding of other proteins below. The regulation factor in Eq.
S2.5is given by (S2.7)
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Using Eq. S2.4, we obtain (S2.8)
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where (52.9)

_Z(P-1,A, — 1,45, 45) A Aeay £PA;

_ — _kB*T _kB*T
Cl Z(P_].,Al,Az,A3) NNS*e *e
Z(P—1,A1,4, - 1L,Ay) A, oA _Frap
— = * B*T % B*
T TZP 14y A4y Ny © °
Z(P—-1,A;,A3,A3—1) A3 —ig—A% —ZPA%
— = * B*T % B*
T TZP 14y 4y Ny © °
_ _ _ Agy Agy Epa,tEpa,tEA A
Cy :Z(P 14, - LA, —1.4) = A *e_kB*% * 4 * e kB*% * e ' kB*ZT =

Z(P—1,A1,45,43)  Nys Nys



Z(P—1,A, —1,A,A;—1) A, 2 4, Acas  _EpAitEPAstEA;Ag

— = “kp*T kp*T kp*T
Cs = = * e KB*! x * e KB* xe B
Z(P - 1,A1,A2,A3) NNS NNS
Z(P - 1,A1, AZ - 1,A3 - 1) AZ _AEAZ A3 A“;“43 EPA2+£PA3+£A2A3
Ce = = x e kp*T x xe kBT x e kp*T
Z(P - 1,A1,A2,A3) NNS NNS
Z(P—1,4, - 1,4, —1,4; — 1)
Cr =
7 Z(P—1,A1,4545)
A1 _ASA1 A _ASAZ A3 ASA3 SPA1+SPA2+SPA3+SA1A2+£A1A3+EA2A3
= *x e kp*T « x e kBT « xe kT x ¢ kp*T
NS NS NS

. Z(PA - 1,45 45) _ A . e‘ﬁjf%
8 Z(Pl All A21A3) NNS

Z(P,A, A, —1,43) A, ﬁff%
= *x e "B
Z(Pl A11A21A3) NNS

C9:

L _ZPALA A D) Ay ik
07 Z(P,ALALAs) T Nys

Z(P,Ay —1,4;, —1,43) Aq _Aeay A, Aeyy €414
C11 = = x e kp*T x x e kp*T x ¢ kp*T
Z(Pl All A21A3) NNS NNS

Ag Ae £
Z(P,A;—1,A,,A; — 1) A 24 A Az A143
Cip = 1 23 =1 e kp*T x 3 e kp*T x ¢ kp*T

Z(PIA11A21A3) NNS NNS

Z(P,A, A, — 1,4, —1) A, _Aea 4, Agas €AAs

_ — “kg*T kg*T kg*T
Ci3 = = * e KB*l % *x e KB*! x e KB
Z(PIA11A21A3) NNS NNS
Z(P,Al — 1’A2 _ 1,A3 _ 1) A1 _ASA1 Az _ASAZ A3 ASA3 SA1A2+SA1A3+EA2A3
Ciq = = xe kpT % xe kpT x xe kp*T x e kp*T
Z(P,Ay, Az A3) Nys Nys Nys

By lumping constant terms together, we can rewrite Egs. S2.5 and S2.8 as (S2.10)
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Here, the parameters K,, and Kp characterize specific vs. non-specific transcription factor or
polymerase binding to DNA (S2.11).
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Protein-protein complexes are described by wj; and f, which determine interactions between
transcription factors, and transcription factors and RNAP, respectively (52.12).
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Luciferase expression was modeled using Eq. S2.10, assuming that steady state expression is
proportional to the transcription initiation rate (see Section VI for details). The transcription
factor concentrations [Aj] represent the phospho-SMAD and phospho-STAT input into the
promoter model, and were modeled as described in the following.
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