Chemistry, What's Next?:

Studies on Fundamental Principles for life
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Journey of My Quest in Science
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Chemisiry, What's Next? (in 1990)

“What will Chemistry do in the Next Twenty years?” George Whitesides , Angew. Chem. Int. Ed. Engl. 29, 1209(1990)

Table 1. The “pull” of societal concerns and the “push™ of basic research set
the direction of chemistry.

Pull Push
Natioral Security Materials Chemistry
Economic competition as the Polymers
equivalent of war Surfaces and interfaces
Functional and *““smart™ matenals
Health Care Materials for manufacturing
An aging population Environmentally compatible materials
Global epidemics
Cost containment Biological Chemistry
Drugs Molecular recognition
Evolution and self-assembly
The Environment Bioenergetics
Global change
Waste management Computational Chemistry
Toxicology [ncreasing power
New architectures: massively parallel
Energy machipes and neural nets
Alterpatives to fossil fuels
Electricity Small Basic Science

Exploring the limits: very small; very
Globalization fast; very large




Every science
Begins as philosophy and
ends as art.

-Will Durant-
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What is Science?

Old Greek: Natural Philosophy

Platon
Aristoteles

Parmenides i@
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NatureOl CH&H Mo 2E (DS AESHAIE)

- Physical Objective

- We must know,

We will know

(Wir mussen wissen,
Wir werden wissen)
-David Hilbert-

. What ?




What is Science?

Modern: 16AlJ| 0| =(1543)

Galileo

Newton

Vesalius



Modern Science

Explain and (Re-)produce
Mathematical Tool

Not Why, but How
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What is Chemisiry?
Origin: Alchemy

Explain : Physics, Physical Chemistry

(Re-)produce : Synthesis, etc.
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Fundamental Thought in Physics & chemistry

“Phys & Chem advances on two feet :
The one is curiosity(Science),
another utility(Technology).”

Curiosity drives breakthrough on Utility

Theory — Things
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Fundamental Theory to explain Nature:

- Thermodynamic Laws (15, 2nd, 3rd ) — Statistics
- Elementary particles (Molecules, Atoms, Subatomic)

4 kinds of Force (Gravity, Electromagnetic, Strong, Weak)

Quantum Mechanics (Classical Mechanics)

We need Other Fundamental theories?

for What?, Maybe for life?

1905



ClAl: =&l ZIH2 N2 P

The luminated Cell

Froduct Guinde for Fuorescence imaging

“ "".“k‘" - Endoplmm eteshar

B o ™ My AN 4 1L

o - , <3 (- ol re ot
» . ”
3 . ’ . -
s 4
l. Mg chas e da- S X >4 “L

NEHE TITOF Wbt ™ g v et oo v

1 W
AN Mowews 10001

S SO Came
TR XTI Deeg

WINEE W b 0 L ey -
WIS Wb S 1M [ A
-
MR W b e S g+ W - :..:"“
] SO M Lo 458 - g 08 2 ety -
ma LA
ANl e e b
A\ *
9 21
“ ~
" o
~
N ATIN -k g W
- MY - -t v
» BRI BOUIY 110w e oo pond £ PO
~ BAaa UYL omw getd 0 A
»
orrnne Menrd
p T
VIREEY Wit e U o iy il o4, AN
VIS Biwe e’ VI bt v & gl P el
I A
BT bl kN
vy wr B e d N
v o wal
‘
- FMEE O™ L A
.‘ 4 TES - 1
y MW e
J oy (L E R T T [N SR R ———
- 4
/ > ) o p " \ A WA gomend
/ FIFIWN  UsegaiLinns @ |asd " LOLIE Byl bl | At | s b B
AT g ol X 4
RO A i, i T
[T T U TR S P e

:
- . : 2 &
. v . N s Wi
- (R L LT ek | .
- ~ “ aine Molecular Probes
TV . | s odd & 10 ANEP Al 40 e T u ™ aten B (9 104 v -
Viak Wins | M P LRE L 0 Ly 2 1 b N . - - — .
.
Wy DM S M ™ AN Pt it | i R R Viak LR nepurrsTy, A Gl e LR




Chromosome & Chromatin

Chromatin and Condensed Chromosome Structure

Telomere
Nuclear csh°'e"g=‘|’ . !
romatin 4
Rore Fiber

Cond d Ol 2} Mt
Figure 1 Chromosome 2124 238

Local Nucleosome Dynamics Facilitate Chromatin Accessibility

Nucleus Chromosome

o Nucleosome (fluctuates by Brownian motion)

Diffusing protein (e.g. transcription factor)
(@ Target for the diffusing protein
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Hydrogen bonds
Nitrogenous bases:
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Chemistry «—— Bio & Med Science(Life)

Low Level High Level
Microscopic View Macroscopic View
-Molecular science -Thermodynamics
-Theory: Quantum Chemistry -Statistical Thermodynamics
-Experiment: Spectroscopy etc. -Thermodynamics Function
(T, P, V, etc)
-Statistical Treatments

Ultimate Goal of Bio & Med Science : What s life¢

Life - Macroscopic phenomena, not molecular level

(dead of molecules ?)

We need its appropriate level description @



Mesoscopic scale description

There Is no rigid definition for mesoscopic physics,
but the systems studied are normally in the range
of 100 nm (the size of a typical virus) to 1000 nm

(the size of a typical bacterium). (By Wikiohedia)

But Condensed Matter Physics ,

especially related with Nanofablication & Nanotechnology
(Quantum Confinement effect, Interference effect, Charging effect, etc.)

not Bio & Med Science
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Mesoscopic scale description

Atoms, Molecules : Quantum Mechanics
and/or Classical Mechanics

_,_I|. A'.Ol__l /\I-QII-E AoI-X-I oz gél-

T /| /T —

St : Newton's 2nd law of motion
St . Schrodinger Equation

among 4 kinds of forces : Eleciromagnetic

#{&: :
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Bulk : Thermodynamics,
=A=2| 2 - Statistical thermodynamics

Random - Probability, Statistics

Can we accept everything of life only with
QM, EM force, Random motion ?
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MHO| 22| - Central Dogma (Francis Creek, 1958)

C DNA Protein

H

R A . general Translation
C N B special
l Transcription SN mRNA
tel ~*DNA 3 = RNA rrNA
pl‘ﬂ cimn (J Reverse RNA
Replication Transcripton

DNA replication

(DNA -> DNA)
DNA Polymerase
DDA dNA
Nl
reverse =Y transcription :‘RNN‘:\ ':i‘:::"b“
transcription = - (DNA -> RNA)

Rev.Transcrifitase RNAPolymerase  M\IZA)
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translation RNA Dependent
(RNA -> Protein) RNA Polymerase
Ribosomes
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DNA

Denaturation
&
Renaturation

Duplex

DNA As the temperature is
] A increased, the bises unstack,
Once nucleation has —— x h .
13, p = ] hydrogen bonids break.
occurred, rengturaion is =y
rapid due to zippering. " "'\\

~

e

N

Partially
unwound
DNA
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Totally denatured DNA
(saparate strands)
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When the solution is od .
Vhen the solution is retumed are distupeed.

10 lawer iemperMures,
complementary regions on
separate strands form base
paars

1905



Mechanism of DNA Renaturation

3D nonspecific collisions

cn-ssDNA

Internal displacement

. C-ssDNA

nucleus

q

GACG

ACS

CVGC

1] R

dsDNA
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Jacob and Monod model of transcriptional regulation of the lac operon by lac repressor(1961)
When lac repressor binds to a DNA sequence called the operator (O), which lies just upstream of
the lacZ gene, transcription of the operon by RNA polymerase is blocked. Binding of lactose to
the repressor causes a conformational change in the repressor, so that it no longer binds to the
operator. RNA polymerase then is free to bind to the promoter (P) and initiate transcription of
the lac genes; the resulting polycistronic mRNA is translated info the encoded proteins.

[Adapted from A. J. F. Griffiths et al., 1993, An Infroduction to Genetic Analysis,5th ed., W. H. Freeman and Co.]

1965 Nobel prize (Physiology or Medicine)

Lactase &4

Top: The gene is essentially turned off. There is no
lactose to inhibit the repressor, so the repressor
binds to the operator, which obstructs the RNA
polymerase from binding to the promoter and
making lactase.

Bottom: The gene is turned on. Lactose is
inhibiting the repressor, allowing the RNA

@ o polymerase to bind with the promoter, and
express the genes, which synthesize lactase.
o “ o Eventually, the lactase will digest all of the
w2 o lactose, until there is none to bind to the repressor.
& ] The repressor will then bind to the operator,
’ stopping the manufacture of lactase.

Operator site : 10-20 bc:se pairs long

1: RNA Polymerase, 2. Repressor, 3: Promoter, 4. Operator, 5. Lactose, 6:lacZ, 7:lacY, 8: lacA.

>

lac operon -,
Promoter laci Terminator Promoter Operator lacZ lacY lacA Terminator
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Site-specific DNA-protein interactions

Protein

O

kr\\ ” 1D sliding

........
"""""
)

Intersegmental
transfer

..............

. .

- .
.
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Facilitated diffusion (Theory & Exp.)

An experimental measurement of the association

rate between Lacl and its operator sites provided a value of
around 1070 M-T s-1,

2-3 orders of magnitude higher than the diffusion limit(108 M- s-! ). ‘ _
(from Smoluchowski equation & %| & data) p
Riggs, A.; Bourgeois, S.; Cohn, M. J. Mol. Biol. 1970, 53, 401.
Halford, S. E.; Marko, J. F. Nucleic Acids Res. 2004, 32, 3040.

Promoter

57

The hypothesis of facilitated diffusion of Lacl along DNA is

supported by both theoretical and experimental analyses.
-Winter, R. B.; Berg, O. G.; von Hippel, P. H. Biochem 1981,20, 6961.
-von Hippel, P.H. and Berg, O.G. J. Biol. Chem. 1989 264, 675-678

Facilitated Target Location
both 1D sliding and 3D Space hopping and jumping
(inframolecular dissociation/reassociation events)

Adam, G. & Delbrick, M. Reduction of dimensionoli’ry in biological diffusion processes.
in Structural Chemistry and Molecular Biology (eds. Rich, A. & Davidson, N.) 198-215 ,‘
(W.H. Freeman and Company, San Francisco; London, 1968) ‘
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Facilitated diffusion (Theory & Exp.)

Real —time Single Molecule observation(resolution diffraction limit)
Xie group (Science 316, 1191(2007) )

1D diffusion constant : D,, ~ 0.046 uym? s-!
3D diffusion constant : D;, ~ 3 pym? s~!

Apparent diffusion constant : D4 ~0.40 pm?2 s™!
D.4 = D;p(1 — F) + FD,,/3 (F: fraction of time for nonspecific binding)
F ~90%

Z non-specsific binding £ 1D sliding search Xl2l& £ &2 ™ CHAl dissociationd}
HAM 3D searchE S5l Ct& R0l non-specific binding 1t & % BI=ol 2= Xl
£ 20} specific binding.

Al K| &= “What matters for lac repressor search in vivo-sliding, hopping, intersegment
transfer, crowding on DNA or recognition?” Berg and EIf Nucleic Acid R 43 3454(2015) S

& A+ : “RNA polymerase approaches its promoter without long-range sliding <<
along DNA" L. J. Friedmann PNAS 110, 9740 (2013) SS :
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Searching a rare event : Global minimum of binding energy?

Table 1 Copy numbers in Escherichia coli

Molecular unit Number Reference(s)
Replication errors per genome 0.002 (23)
Double-strand breaks per genome 0.2 (66)
Replication forks per cell 1.5-6 (12)
| Gene copies per cell 1-5 | (12)
[-galactosidase tetramers per uninduced cell 1 (15)
F-plasmids per cell 1-3 (30)
‘Iransposon copies per genome 1-15 (10)
| lac repressor tetramers per cell 5 | (33)
RNAPs per induced /ac gene 5-20 44
DNA polymerase I1I per cell 10-20 (13)
lacZ. mRNA per cell 10-30 (44)
Ribosomes per /ac mRINA 20 (44)
DnaG primases per cell 50 (68)
Actively transcribing RNAPs per cell 200-2000 (12)
RecA molecules per cell 1000 (43)
Single-stranded DNA binding protein 1000-7000 (11, 75)
Total RNAPs per cell 1000-10,000 (12)
Ribosomes per cell 7000-50,000 (12)
[3-galactosidase tetramers per induced cell 10,000 (44)
Total nucleoid proteins (e.g., Fis, HU, H-NS) per cell 50,000-200,000 “4)
tRNA per cell 60,000-400,000 (12)

Targeting sites on DNA : a targeting site among 104 - 107 - BUS
decoy sites on a long DNA molecule
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Crowding in a cell

Eukaryotic Prokaryotic

\

Ribosome
@ Protein
: RNA

. Microtubule

Intermediate

2 filament
%, Actin
filament

Current Opinion in Structural Biology

The crowded state of the cytoplasm in (a) eukaryotic and (b) E. coli cells. Each square illustrates the face of a cube of cytoplasm with an edge
100 nm in length. The sizes, shapes and numbers of macromolecules are approximately correct. Small molecules are not shown. Adapted with

permission from [21].

Concentration of Macromolecules : 50-400g/L
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ot JtstE Ololi )t CHE U &3 IIS?
DNA Computing

Adleman, L. M. (Science. 266, 5187, 1994).
"Molecular computation of solutions to combinatorial problems”.

“traveling salesman” problem

( P _ N P pro b | em ) Atlanta to Boston Boston to Chicago Chicago to Detrait

Complement of Boston Complement of Chicago

A DNA computer can solve extremely difficult math problems.

CITY DNA NAME COMPLEMENT B \M \‘
ATLANTA ACTTGCAG TGAACGTC oy * ey, \
. 3 Sy e e

BOSTON TCGGACT AGCCTGAC
CHICAGO GGCTATG CCGATA
DETROIT CCGAGCAA GGCTCGTT
FLIGHT DNA FLIGHT NUMBER
ATLANTA - BOSTON GCAGTCGG
_ATLANTA - DETROIT GCAGCCGA
BOSTON - CHICAGO GGGCT
BOSTON - DETROIT CCGA

BOSTON - ATLANTA CTGACTT
CHICAGO - DETROIT 'GTCCGA

1905
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Fundamental Theory :

Thermodynamic Laws (1, 2nd, 3rd ) — Statistics
Elementary particles : Molecules, Atoms
Force : Eleciromagnetic

Quantum Mechanics (and/or Classical Mechanics)

Those are enough to explain life?

1905
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A0 2 2 SAS(HRE, H& S)A0[2] BHS

A SEZEO| IH - Potential(Central) : Electromagnetic
pair potential & atiraction(long)/repulsion(short)

New potential function? :
Casimir force,
Krugman potential(?)
efc.

New “action at a distance”? :

Spooky action at a distance(by Einstein) @
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Krugman potential

Paul Klugman : The self-organizing ECconomy(1996)

J Bates Clark medal 1991, Nobel Prize Economics 2008
Peddling Prosperity (95) Pop Internationalism(96) etc.

Inverse Potential :
YA pair potential, long attraction-short repulsion

Krugman: Urban morphogenesis — Edge city model

L

't\+—~ Repulsive +&/112

,:"‘R“‘* Attractive —Bire

- potential: multi interaction, short attraction-long repulsion

- one dimensional cyclic boundary condition

Locations of market potential:
x: location of firms

P(x) = I(AE_RRXZ — Be PR )A(z)dz R,,: distance between x and z
, A: centripetal (attr) B: centrifugal(repel)

A(z) : density of firms
a A b
b B a

a>b 20l agglomeration 412




Quantum Mecheanics : very weird !!!

- Probability: wavefunction 2| 0|
- Superposition: Schrodinger’s cat
- Uncertainty principle: Entanglement

6™ Solvay conf(1930)

N
Hidden Variable




Quantum Mechanics:Einstein-Podolsky-Rosen(EPR) paradox

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?
Phys. Rev. 47, 777-780 (1935)
EINSTEIN-PODOLSKY-ROSEN PARADOX, (1)

I+1I
WX , X2)

«~—Q 00— Einstein called this the ‘spooky-
action-at-g-distance | which he
could not accept due to the

1 kit weronn g ersetion bememn s 1 __ violation of ‘principle of locality .
O O

Suppose you measure the momentum of the black particle (I);

then you can know the momentum of the red particle (II) as well. . LI .
Likewise, if you measure the position of the black, then you can QM :H Idden Varia ble
know the position of the red as well. In both cases, the measurement

can be done without disturbing the red (since there can be no

interaction between the black and the red).

Bohm version ; z,
éﬂ .

Alice Bob




Quantum Entanglement

Measurements on spatially separated quantum systems can
instantaneously influence one another.

1964 : Bell's Inequality : QM (=& £

Bell's Inequality Equation

) vs HV(s=H =) test 110t

N(amb) + N(bnc) = N(anc)

000

SO

UNOR®

.
4
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Quantum @& Classical

Non-Locality Locality

There exists a boundary size?

Then, molecules and organisms for life?
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Random motion : Stochastic
Brownian Ratchet?
Self Organized Ciriticality?

Probability : Negative Entropy(Schrodinger)
Shannon Entropy (Information entropy) ?
Baysian - Qbism

o
2
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Quantum Biology : Quantum Mechanics for life

-Quantum Coherence:
Photosynthesis(Fleming)

-Quantum Tunneling:
Enzyme reaction(Klinman)

Smelling(Turin)
DNA mutation

-Quantum Entanglement
Magnetoreception by cryptochrome(Schulten)
(bird migration) A
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Probability for life

2 E2| 4JtX| 2 0|

- aA0 ost 48t stE
- OIOIE0fl &8t BIE=2| &8 - Frequentist
- Q129 Alg|.=20ll HIE S £ & & - Baysian
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Fundamental Thought in Physics & chemistry

Basis for Breakthrough during 20 Century

Quantum Mechanics, Relativity
From Matters(Atoms, Light, Stars, etc.)

Basis for Breakthrough during 21" Century?
For Life Al
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| am a scientist?
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