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Life Is special because it Is
Inherited from a tiny number
of atoms




How can a few thousand atoms
conceivably control 102%°
atoms?




Vocabulary

Life extends over many Scales
with a
Hierarchy of Structures
one on top of another

So Life Needs Many Words
to define the Structures
And how they work

Extensive Vocabulary is Needed




Vocabulary

Extensive Vocabulary is Needed
Extensive Vocabulary is a Barrier for Students

Best Source for Vocabulary are Video
Clips, often from YouTube
or from educational websites
like MIT

or from Wikipedia




How can a few thousand atoms
conceivably control 10%° atoms?

The thousand atoms of one gene occupy say 102" m3
The volume of a person might be 1m3
Volume of USA or China 1m high is 103 m3




How can a few thousand atoms
conceivably control 10%°atoms?

Biological Answer:

Structure: a Hierarchy of Devices

Physical Answer:
Electrodynamics: Strong and Universal
inside atoms to stars




Everyone knows Biology
IS made of

Structures

Working hypothesis:
The Structures make

Devices
that span the scales




Structural Complexity

so characteristic of life,

so daunting to mathematicians
is the

Hierarchy of Devices

Organelles
Atoms/lons Molecules, Proteins of Cells
organic ,
Membranes .




How can a few thousand atoms
conceivably control 10%°
atoms?

ANSWER:
by forming a




Working hypothesis:

The Structures of Biology
make a

Hierarchy of Devices
that span the scales

And make biology
The ULTIMATE MULTISCALE MACHINE




MUST know some elementary biology

EASY to learn

Compared to the books you all had to
memorize in high school, | am told.




Elementary Material

| rather

patronize
than mystify




Biology is made of
Hierarchy of
Devices
Nerve MUSCLE and they are Multiscale
NERVE axon—c

l

YouTube

7 Hé ——
A MOTORUNIT = 51?%
A motor neuron e R‘ :
innervates one set of o -
muscle fibers. e e 1

Muscle P Comswa  Cpen Chaand
fibers

A pool consists of
many motor neurons,
each of which
innervates a motor
unit with the muscle.
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Moo W

Biology is made of
Hierarchy of

Skel, al b
Devices

A MOTOR UNIT

——

A motor neuron
innervates one set of
muscle fibers.

and they are Multiscale

A SKELETAL MUSCLE Myofibril
;—‘—; _~Plasma

-~ membrane

s (sarcolemma)

Z disk
TR

r Sarcomere
\

S _Transverse
| tubule

inati i gjjo |
:;v:lg:r:gons AN Oﬂol ol® U i =’ | sarcoplasmic
membrane dl000p () | reticulum
cisterna
(form trans-

verse tubules) [ Z disk

A band
L o "o_oH - junctions

A pool consists of
many motor neurons,
each of which
innervates a motor
unit with the muscle.

\ .
Sarcoplasmic
reticulum
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\lhat is aDevice.
Amplifier

Converts an Input to an Output

by a simple ‘law’
an algebraic equation

Vour = g gainvin
Jain = positive constant, like 12

17



Device converts Input to Output by a simple ‘law’

Device is ROBUST and TRANSFERRABLE
because it uses POWER and has complexity!

Circuit Diagram of common 741 op-amp: Twenty transistors needed to make linear robust device i

Power Supply
. Dirichlet Boundary Condition
7 independent of time
1,.-"5_ and everything else

Inverting
| input

_e OUTPUT
Vout (1)

Offset -
null
Power Supply
£ Dirichlet Boundary Condition
@ independent of time
VS— and everything else

Dotted lines outline: current mirrors (red); differential amplifiers (blue);
class A voltage level shifter (green); 18



Device

converts an
Input to an Output

by a simple ‘law’

Vour = 9 gainvin

DEVICE IS USEFUL
because it is

ROBUST and TRANSFERRABLE




Device

Amplifier
Converts an Input to an Qutput
B>

[ AT\

Input, Power Supply, Output

are at :
Different Locat
Spatially noen-uniform




/@
Input and Output are at

Different Locations

Spatially noen-uniform
YouTube -
boundary conditions

Power is needed
Non-equilibrium, with flow

Displaced Maxwellian
Distribution of velocities YouTube
Provides Flow




Device Approach
to Biology

IS a

Alan Hodgkin Alan Hodgkin:
friendly “Bob, | would not put it that way”

22



Engineering is about Device Equations

How Describe Biological Devices?

P.S. | do not know the answer. But | know how to begin, .... | think.

23



A few atoms make a gz
BIG Difference Glycine G

replaced by

OmpF and G119D Porin Trimer Current Voltage Curves

KCl Solutions
‘@C’ OmpF

IM/Im

G119D
ImM/1m

OmpF
0.05m/0.05m

” e 5 110D

0.05m/0.05m

(pA)

ent

e
=
=
| 3

20 0 20 40

Voltage (mV)

Current Voltage relation determined by Structure determined by
John Tang Raimund Dutzler

in Bob Eisenberg’s Lab in Tilman Schirmer’s lab



Biological Question

How do a few atoms control

(macroscopic)

Device Function ?

Mathematics of Molecular Biology
IS about
How the device works

In mathspeak:
Solving Inverse Problems

25



Life 1s different

because
It IS Inherited




Blueprint of Life iIs DNA =

string of genes

ONLY the blueprint is




Watson & Crick model of DNA

\\ B Introduced in 1953.
oy

m DNA is in th<Zform of a

regular helix containing
two polynucleotide

chains connected to each

other by hydrogen

bonds. !



Blueprint iIs shown in many
different ways

LEARN FROM INTERNET




eters

1
S
=
<
=
<
on
1l
£
fa~3
o
@
2
<
=
o
1l
1=
=

Watson & Crick Model

(DNA is polar)

m  Right handed double
helix.

m  Chargaff’s base pairing
rule. b [ouTubg

m  Hydrogen bonding.

= Antiparallel.

Each strand acts as

azir» template during

replication.



Comyo 1 C Pamrs Cansr wn prAadevy 0 Dargenes Dt



Blueprint can only make
PROTEINS

f/- /AN /8 ffﬁ
transcription | S
1 W W W N 1= trams.cript

\ RNAProcessing

-




Proteins are a String of
Beads that can Make
ANYthing




-
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H H O CH; O <|:H2 0 H, O CH, O \c{ o) o
L || | | | | || |l |
H—N*—C—C—N—C—C—N—C—C—N—C—C—N—C—C—N—C—C—N—C—C—N—
P E Dok gF BE HE KB B
L

Free amino
group

N-terminus C-terminus

’

1 2 3 4 5 6 7 8

Gly Ala Ser Asp Phe Val Tyr

Alanine

H CHj4 H H O

A .

+ H—N"—C—C\ > H—N+—C—CZ—N—C—C
I | oN | | Paptlde| |
H H H H bond H H

Amino
group group

Free carboxyl
group




PRIMARY STRUCTURE

The sequence of amino acids

MIL1 sequence:
>gi|7662506| ref |[NP_056182.1| MIL1 protein [Homo sapiens]
MEDCLAHLGEKVSQELKEPLHKALOMLLSQPVTYQAFRECTLETTVHASGWNKILVPLVLLROML

LELTRLGQEPLSALLQFGVTYLEDYSAEYITIQQGGWGTVFSLESEEEEYPGITAEDSNDIYILPS
DNSGQVSPPESPTVTTSWQSESLPVSLSASQSWHTESLPVSLGPESWQQIAMDPEEVKSLDSNGA



http://kachkeis.com/essay2.html

PRIMARY STRUCTURE

* The numbers of amino acids vary
(e.g. Insulin 51, lysozyme 129, haemoglobin
574, gamma globulin 1250)

* The primary structure determines the folding of
the polypeptide to give a functional protein

« Polar amino acids (acidic, basic and neutral)

are hydrophilic amretend to be placed on the
outside of the p



http://www.saburchill.com/IBbiology/bio_hp.html

Infinite variety

* The number of possible sequences is
Infinite
An average protein has 300 amino acids,

At each position there could be ore of 20
different amino acids }



http://www.saburchill.com/IBbiology/bio_hp.html

Acid = NEGATIVE (like chloride ion) like vinegar
BASE = POSITIVE (like sodium ion) like soap

Amino Acids with Electricaly Charged Side Chains - Acidic

o-d-aghed-on o gl o

Aspartic acid, Asp, D Glutamic acid, Glu, E

back to top

Amino Acids with Electricaly Charged Side Chains - Basic

ongon -0

J

Histidine, His, H

Arginine, Arg, R

Lysine, Lys, K




amino acid
side chain

oxygen

“

: hydrogen bond

¢

' .

= @I

- .u.m
caf

hydrogen

® T

(A)

(©




Dbt
amino acid
side chain

hydrogen bond
hydrogen —__

carbon

W
nitrogen




TERTIARY STRUCTURE

The folding of the polypeptide into
domains whose chemical properties are
determined by the amino acids in the
chain

MIL1 protein

© 2007 Paul Billiet ODWS

© Anne-Marie Ternes



http://kachkeis.com/essay2.html
http://www.saburchill.com/IBbiology/bio_hp.html

IE © Max Planck Institute for Molecular Genetics

Chain B of Protein Kinase C



http://lectures.molgen.mpg.de/ProteinStructure/Levels/index.html

Result

Protein structure depends upon the
amino acid sequence

This, In turn, depends upon the
sequence of bases in the gene



http://www.saburchill.com/IBbiology/bio_hp.html

Multiscale Models
of

Nerve and Muscle

also called

Physiolo




From Structure

to Function
using
Fundamental From
Physical Laws Anatomy

to Physiology




Multiscale Analysis

IS also called
Physiology
Az




Multiscale
MATHEMATICAL
Analysis

has rarely been possible




Multiscale
MATHEMATICAL
Analysis

has rarely been possible
until now

Except for




MultiScale Analysis of Nerve Function
IS more complete than of ANY other cell/tissue

In Biology

Multiscale Mathematical Analysis Is not




MultiScale Analysis of Nerve Function

Multiscale Analysis iIs Structural.

(Almost) all Structures are known and can
be described on all scales.




MultiScale Analysis of Nerve Function

Multiscale Analysis Is physical,
as well as mathematical.

Physical variables and equations can be
used in almost all steps.




From Structure

to Function
using
Fundamental From
Physical Laws Anatomy

to Physiology




PHYSIOLOGY

of Nerve
and

Skeletal Muscle




Skeletal

A MOTOR UNIT

A motor neuron
innervates one set of
muscle fibers.

s

.

|

Muscle

=

_.'_# )

\B
POOL

MOTOR NEURON

A pool consists of

many motor neurons,

each of which

innervates a motor

unit with the muscle.

of plasma
membrane
(form trans-
verse tubules)

A SKELETAL MUSCLE Myofibril

Invaginations ¢~

~Plasma

| 2
Sarcoplasmic
reticulum

| -Sarcoplasmic
~ | reticulum

= | Transverse
| tubule

N | reticulum

TRIAD:

cisterna

_ Sarcoplasmic

cisterna
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Nerve Conduction

* What Is the information signal of a nerve?

 How does that signal move down a nerve
filber?

« What are the molecular mechanisms
Involved?




Neuronal Signal

P ——

Muscle cell

\\_/ _j_l b

Vollage-seasing
microelectrode

Ouiside

Probe penetrates
SO fiber

Probe g outside
,._ﬁ,.h“__: Action polential w

Resnng
membrane
- potential

Membrane polenial (mV)

ok
g

NEUROBIOLOGY
Gary G. Matthews

Blackwel
Scionze



Voltage Signals are Found Throughout Life

A ) B
NS
£ AR -
L bl
" ¥ £
o O ||z
\oltage-sensing = 4
microelectrode £/ £ ol
\ Z
/d £
TSy ® 2
&) (f )@
Jqopk
1
Paramecium

NEUROBIOLOGY
) Gary G. Matthews




Channels Determine Electrical
Properties

Proteins

lon channels (proteins)

Plusma membear

Phasphaobipid

molecule : ) ¢
< . &3
\ Cross section of channel
w »\qur:ms pore
) Gary G. Matthews

Blaclowel
Scence



Resting Potential Set by K

r\lf\r\v-\nt\lf\ 1 1

A PR . N

Na'

- Cell membrane

[ NEUROBIOLOGY
) Gary G. Matthews
aum:u




Potential Determined by the lon
with the greatest Conductance

B
£y bess negatve than
Egr K leaves cell because
0 concentraional force
Eo= Ex: Nonet dnving exit is stronger
Pl a T than electrical force
E because of balnee  Moving K* into cell.
(m:l) between elecineal ' . >
and conceatrational
Forces A
é R Ex =80 mV
— 100 L
T
e a Tmeb: o e negative thin
Lo K* eaters cell bacsuse

electrical Force is now
strosper than concentrational

-------------------------------

. NEUROBIOLOGY
) Gary G. Matthews



Potential Determined by the lon
with the greatest Conductance

NEUROBIOLOGY
) Gary G. Matthews




Action Potential

d - '
Voltage-sensing -
microclectrode

Outside Sensory nerve fiber

——rn&“&x\’—'

B Microclectrode
+50 — Penctrates fiber
Microclectrode
owulside fiber
En
mvy ¢
Resting

Gating Animation Action

Muscle length

NEUROBIOLOGY
Gary G. Matthews

Blezcwet


http://www.blackwellpublishing.com/matthews/channel.html

Propagation

Peak of action
potential here

-
®

A ‘(@ Inward @

current

Dn:polmi‘;cd regaon

7 Darection of propagation

P . e e o ey _y-d-‘—:-on&'mw‘
2 . e L R NN o) - -

NEUROBIOLOGY
Gary G. Matthews




ropagation

£ IL 10 cm
(@
Nnjecl charge
B +3S0 —
= o 1= Ara Ar B
(mV3 <o = No change in resting £,
o
-
1
(43
+

Ar B

No change in resting £,

NEUROBIOLOGY
) Gary G. Matthews



http://www.blackwellpublishing.com/matthews/actionp.html

Propagation

of

Action Potential
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Myelinated Nerve Propagation

('\.:.'"-:4. = -l
| 1 e
M« '““ﬂ.' > —en_ . P :
\
Action ‘
A of Ranvier : Glial cell

Myelin sheath

Action potential at pode | depolarizes node 2

Gary G. Matthews

Blackowel
Science

b NEUROBIOLOGY


http://www.blackwellpublishing.com/matthews/actionp.html

Na Channel

Immmediately
depolarizatson
(E, = -50mV)
m gate open

h gade open

S ms after
depoalarizatson
(E,, =50 mV)
m o Eate open
h gate closed

[ NEUROBIOLOGY
Gary G. Matthews

Biswwel
Sceze



K channel

Al rest
(Ep=~75 mV}

Plasma membrane -

Immediately after
depolanization
(E»-50mV)

5 ms aller
depolasizabon
(E, =~-50mV)

Inside

NEUROBIOLOGY



Reminder: the Action Potential

NEUROBIOLOGY

]) Gary G. Matthews
Buacewel
Scie:

NEUROBIOLOGY
Gary G. Matthews

Science




Resting state

Na & K channels

- Poeassizm
chann<l h sabe channel

NEUROBIOLOGY
Gary G. Matthews

Blre-cwel
Sconce



http://www.blackwellpublishing.com/matthews/channel.html

Skeletal

A MOTOR UNIT

A motor neuron
innervates one set of
muscle fibers.

s

.

|

Muscle

=

_.'_# )

\B
POOL

MOTOR NEURON

A pool consists of

many motor neurons,

each of which

innervates a motor

unit with the muscle.

of plasma
membrane
(form trans-
verse tubules)

A SKELETAL MUSCLE Myofibril

Invaginations ¢~

~Plasma

| 2
Sarcoplasmic
reticulum

| -Sarcoplasmic
~ | reticulum

= | Transverse
| tubule

N | reticulum

TRIAD:

cisterna

_ Sarcoplasmic

cisterna
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