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250X, DNA [ZSk SN B EEHRND RNA 258 KT 5B TH Y, B FRBEIC
BWTHEZRT L LI, DAZELERICEETEESN TS, DNA 2D 9
L, PO E, WOIRET 5000, ZREER L HIEBEREIC X ISR S TnD.
RS T OMEERITHENBZ ORI TH Y, EHIEICE LTI, AR50 7FofE
A LT RR R e oy 1Bk &, FERFRM R AEER Z N LB CERBIG L WD ZoD
B, EERYBE(LFENRERETHD. o1y Iab—ralid, 29 LEAEKSGTO
HAEERZRT « 5LV TIT T 5 FIETH D0, BEG OB G 72 fil i 20l
FECHAR T 57200 D — %72 2 2 L—3 3 VI FERB L ORI ST
V. RWFSETIE, BN I T D 2R O BRI T, S FEN) AR D A
o THEEAER 2 AT+ 5 HiEdm O 2 B & 5.

H1 BT, Ab5nk X OB L P e 9878 = L 9t B i &2 b 7.

B 2ETIE, o rENIFEO RN IR BRI & ah Tz

W8 BCIE, BRSNS TIHRBICBWT, BRSNS T LN T DO IERE S S TET AR
HECHDH LW MBI LT, ALY EMEN SIS FRIT 20 FIEEREL
7. ERESHEIIN 7-C& 5 Bromodomain-containing protein 4 ®>&3 L8, 10 fFEIEDH
ER &GS SETEEERORICK L TR FE iR L2 EE L. RErEeT
N W TERITTHIBIEIZ LY, X o R EOREER T v Mg 5 & D24
9252 &T, il LIcRrEENKSEBME LM< FEET 22 2R LT,

%4 BCIE, HOESBLZICX VK INDEREEERD, BEFOME sy 7 'E
ETNOHRTEHBEINLWE WIS BEIZX LT, H#l RNA 7 VERB L. &E
FEZIICLODETIHI I aehMEsaR a7 v 7, EEAEOMBEEREZ Ny 7 X
7 HRICEY, ETNWRTIA—FEFE L., ZOFT/VIERNA R TLOMEAEEH L,
AN TEEOHGEEAEEEENICHI T LER L. 61, NMERT
Mediator 1 & RNA ZiEG L7/ FEIFEHE CIEBEGEER SR I iz & & b,
R BREERIRIC L B &2 R 7 B Re RS RNA B IS U CEfbT5 2L 2R LT,

# 5 T, WREEAEN SO0 TR EE OMEBICE D MHA TS, 2 TR OB
(Mediator 1 @ C RumZMEfEIR I L O Fused in Sarcoma @ N Rz tEfEtk) (2, 6
FEFHORR G R A M 2 1R S LTc R CHIGUE S T8 )P E 2 520 U7, oA & o
GRTFOMHEEERZENT L, 5K OB E ORLYE T — 7 24 LIZFEAAEH
FINF =Ko TEHREISNDZ EZHALMNI L. &6, TOHEMEAMZ T I/ Bl
FIDB TR D FELZTE L, MRER CHRIESNTWD X 7 BRI > D4Rl
2 BRI THITE A2 2R LT,

6 ETIE, AFEICL s THLNIAREZmE LTELED, SHBORBELZIRAT.
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Thesis Summary

Transcription is the process by which RNA is synthesized from the genetic information encoded in
DNA, constituting a central step in gene expression and being involved in various diseases, including
cancer. The regions of the genome that are transcribed, as well as the timing and extent of transcription,
are tightly controlled through multilayered regulatory mechanisms. Biomolecular interactions form the
molecular foundation of cellular phenomena. In transcriptional regulation, two fundamental
physicochemical principles are particularly important: specific molecular recognition mediated by
structural complementarity, and self-assembly phenomena driven by nonspecific interactions. Although
molecular simulations enable the analysis of such interactions at atomic and molecular resolution,
general simulation and analysis frameworks for comprehensively understanding the multilayered
regulatory mechanisms of transcription have not yet been established. The aim of this study is to
develop a molecular dynamics simulation framework to elucidate the biomolecular interactions
underlying transcriptional regulation.

An introduction on the biochemical and physicochemical topics covered in this thesis and the
research objectives are presented in Chapter 1.

In Chapter 2, the fundamental theories of molecular dynamics simulations are described.

We propose, in Chapter 3, a new method to address the challenge of accurately predicting binding
affinities between biomolecules and small molecules in specific molecular recognition. Atomistic
molecular dynamics simulations of the transcriptional regulator Bromodomain-containing protein 4 were
performed, in both its ligand-free form and in ten complexes with various types of inhibitors. Using a
deep-learning-based dimensionality reduction approach, local conformational fluctuations of the protein
binding pocket were analyzed, consequently extracting features that strongly correlate with binding
affinity.

In Chapter 4, a new coarse-grained RNA model was developed, to overcome the limitation that
transcriptional condensates formed through phase separation cannot be reproduced using existing
coarse-grained protein models alone. Model parameters were optimized using a bottom-up approach for
bonded interactions and a top-down approach for nonbonded interactions. The model successfully
reproduced RNA-RNA interactions and the phase separation of RNA mixed with the RGG domain of a
protein, showing semi-quantitative agreement with experimental phase diagrams. Moreover, molecular
dynamics simulations of mixtures of the Mediator subunit 1 and RNA demonstrated condensate

formation. Further simulations revealed that protein partitioning within condensates varies depending on
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RNA concentration.

An investigation of the mechanisms of specific molecular recognition within transcriptional
condensates is presented in Chapter 5. Coarse-grained molecular dynamics simulations were
performed for two types of condensates—those formed by the C-terminal intrinsically disordered region
of Mediator subunit 1 and the N-terminal intrinsically disordered region of Fused in Sarcoma—and each
was mixed with six different transcription factor disordered regions. Analysis of condensate—transcription
factor interactions revealed that protein partitioning is driven by interaction energies mediated through
specific sequence motifs, such as charged clusters and dispersed aromatic residues. Furthermore, a
sequence-based prediction method for partitioning tendencies was developed and shown to qualitatively
reproduce experimentally validated protein sets.

A summary of the findings of this thesis and discussion on future perspectives is presented in
Chapter 6.




