Deciphering the Role of Posttranslational Modifications on the DNA-Binding

Activity of Max Transcription Factor Using Chemical Protein Synthesis
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Abstract

Transcription factors (TFs) are proteins that regulate gene transcription through sequence-specific DNA binding, and their activities are tightly controlled by dynamic post-translational
modifications (PTMs). The Myc-Max-Mad TF network plays a pivotal role in regulating the expression of approximately 15% of the human genome, and its dysregulation is implicated in nearly 70%
of human cancers. Within this network, the selective dimerization of Max with its binding partners, including Myc, Mad, and Mnt, is central to transcriptional regulation. Max activity is regulated by

PTMs, with Ser-phosphorylation and Lys-acetylation considered key regulatory mechanisms. However, the precise molecular mechanisms by which these PTMs regulate Max oligomerization and
DNA binding remain elusive. In this study, we developed a practical synthetic strategy for the preparation of homogeneous full-length Max, enabling the systematic investigation of site-specific
PTM effects on its DNA-binding activity. Using this approach, we generated a focused library of Max variants incorporating defined phosphorylation, acetylation, and fluorescent modifications.

Comprehensive DNA-binding analyses revealed that both phosphorylation and acetylation significantly inhibit Max DNA binding activity. Notably, our results further show that PTMs, e.g. Lys-
acetylation, can alter the binding specificities of Max towards certain sequences flanking its consensus binding sites. Furthermore, the total synthesis of site-specifically labelled Myc, Mnt, and
Mad TF analogs enabled the combinatorial assembly of 24 distinct Max heterodimeric complexes, allowing systematic characterization of dimerization and DNA-binding properties across the
network. Our work provides insights into the hidden molecular code of PTM-dependent regulation of TF-DNA interactions, paving the way to interpret gene expression regulation programs and

engineering bioactive TFs.

Regulation of the Myc—-Max-Mad Transcription Factor Network by
Posttranslational Modifications
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* Max is Essential for heterodimerization & activity
* Endogenous inhibitor for Myc (homodimerization)
* Potential synthetic regulator

* Controls the expression of =15% of the entire genome
* Implicated in over 70% of all human cancers
* Challenging drug target

Desigh and Chemical Synthesis of Site-specifically Modified Max
Transcription Factor Analogs

A MS2DNDDIEVES''DADKRAHHNALERKRRDHIK3!DSFHSLRDSVPSLQGEKASRA
QILDK>’ATEYIQYMRRKNHTHQQDIDDLKRQNALLEQQVRALEKARSSAQLQTNY
PSSDNSLYTNAKGSTISAFDGGSDSSSESEPEEP QSRKKLRMEAS

B NHR, oo o T ;
s2fs11 K31 O § 1L
H,N Max (1-51) ))LNHNHZ g -
] A
1) NaNO,, 6 M Gun.HCI, 0.2 M I TAMRA |
Na,HPO, pH 3.0, -15 °C, 15 min. ! R.= H TAMRA
2) MPAA, 6 M Gun.HCI, 02M ‘... T L AN L.
Na,HPO,4, pH 7, 3 min.
y SPPS |
-~ A,
NHR - ;
RO, OR, q 3 R4HN"j i
szfs11 K31 O HS K57 O :
H2N Max (1-51) ))LIVIPAA + Hle,(( Max (53-91))"“NHNH ,
3S © .
SPPS
60% Isolated yield MPAA, 6 M Gun.HCI, 0.2 M y
(three step reaction) Na;HPO4, pH 7.2, RT, 1.5 h
Y
' NHRsg
RO, OR qNHR?' R4HNP
1 2
SH HS
s2ls11 K31 O Lr(( K57 O :er(
Max (93-151 NH
H-5N Max (1-51) ))'LN Max (53-91))J‘|\|H|\||-|2 + H,N ( H 2
H O O O
4 1

1) NaNO,, 6 M Gun.HCI, 0.2 M Na,HPO,, pH 3.0, -15 °C, 15 min
2) MPAA, 6 M Gun.HCI, 0.2 M Na,HPO,, pH 6.8, RT, 1.5 h

NHRs
RO, LOR qNHRs R4HN?
1 2 SH SH
s2fs11 K31 @O K57 O
HZN} Max (1-51) ))LNJ;(( Max (53-91))LNLn’( Max (93-154) -~ NH:
H O H O H O
35% Isolated yield VA044, TCEP, GSH, 6 M Gun.HCI,
(four step reaction) 0.2 M NayHPO,, pH 7.2, 37 °C, 12 h.
Y

NHR;

NHR; R4HN
R,O OR,
fs11 K31 O K

o7 Q
H,N Max (1-51)))J‘Hl\n’( Max (53-97))"m’Ln’( Max (93'151)\m NH;
O

O

O

K57Ac Ac _§

» Developed a practical synthetic strategy to prepare homogeneous
full-length Max transcription factor for the first time and generated a
focused library of 15 distinct analogs with defined modification
patterns, including site-specific phosphorylation, acetylation, and
fluorescent tagging.

Electrophoretic Mobility-Shift Assay (EMSA)

DNA Binding Activity of Site-specifically Modified Max Analogs

Biolayer Interferometry Assay (BLI)
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» Ser-phosphorylation and Lys-acetylation
significantly inhibit the DNA binding activity
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The Myc-Max—Mad Oligomerizations and DNA Binding Activity are Modulated by Both Specific PTM Pattern and
Transcription Factor Partner
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Myc-Max-Mad Interactions via BLI Assay

Myc-Max interaction Kp (nM) Mnt-Max interaction Kp (nM) Mad-Max interaction Kp (nM)
Myc-MaxWT 74.6 Mnt-MaxWT 214.8 Mad-MaxWT 208.7
Myc-MaxS2pS11p 58.8 Mnt-MaxS2pS11p 142.4 Mad-MaxS2pS11p 143.1
Myc-MaxK31AcKS57Ac 79.1 Mnt-MaxK31AcKS57Ac 139.7 Mad-MaxK31AcK57Ac 196.0

Myc-MaxS2pS11pK31AcKS7Ac 74.3 Mnt-MaxS2pS11pK31AcKS7Ac  73.6 Mad-MaxS2pS11pK31AcKS7Ac  95.1

» Ser-phosphorylation in combination with Lys-acetylation selectively enhances Max heterodimerization with
Mnt and Mad, but not with Myc

DNA Binding Activity of Max Heterodimers via EMSA
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» PTMs markedly reduce DNA binding in Mnt-Max and Mad-Max complexes, whereas they are largely tolerated in
Myc-Max complexes

» Our work provides insight into the molecular code of PTM-TFs and DNA interactions, paving the way to interpret
gene expression regulation programs
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