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Preface

We, human beings are member of living organisms on the earth and more or less
interested in biology. It is important to study and understand living organisms on the
earth from physical view point because origin and evolution of them are closely
related to physical principle. Energy is a keyword for physical process in chemical
and Darwinian evolutions. Energy is required to escape from equilibrium state and
maintain stationary state of life. We focus on biomembranes and cells because cells
are essential unit of the living organisms and the cell is composed of various
biomembranes. The biomembranes play important roles in integrated system of
chemical reactions in the cell because the great many chemical reactions are
compartmented and regulated by biomembranes in the cell. Structure and various
movements of the cell are related with energy-consuming process. The cell is a
system of processing information in signaling system. The system is closely related
with various functions such as response to hormone or neurotransmitter through
receptor and malfunction inducing oncogenesis. There are a number of techniques
that have been introduced and further tailored to the studies in this field (e.g.,
combination of the fluorescence microscopy and optical trapping technique/atomic
force microscopy). In this book only the optical trapping technique is explained,
because it plays a central role in the study on the function of motor proteins. Readers
should refer to a number of excellent reviews for other developments.

In Chap. 7, biological movements and their molecular mechanisms are described.
The background of the researches who are interested in the biological motion has
become so diverse that it was not possible to cover the whole area by a single author.
Hence, basic knowledges about muscle contraction and cell motility are described in
this chapter. There are many cell biology books dealing with this topic, but in the
author’s opinion, the physical aspect of the phenomenon has not been sufficiently
described in those publications. Nowadays, more and more cell biological phenom-
ena have been described and analyzed in the methodology and approach, which have
been developed in the field of physics and related fields. The author has been
interested in the biological motion, in which the alteration of the filamentous
structure leads to the cell shape change this type of motion does not depend on the



vi Preface

motor activity. This is a different type of the mechanism of the transduction of
chemical energy into the mechanical work than muscle contraction. The former
mechanism is as important as the motor-based mechanism, but in Hidetake Miyata’s
opinion, it not well described in previously published books. Since many more
examples of biological motions have been discovered, it is interesting to know
how diverse the physical principles governing those motions would be. Thus,
some examples are explained in this book, but there are many unresolved questions
in this theme, and the study of the physical principle of biological motions will
remain as an important issue.

Sendai, Japan Kazuo Ohki
Hidetake Miyata
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Chapter 1 ®)
Physics in the Origin of Life s

Abstract Origin of life started from chemical evolution on the earth by using basic
atomic elements such as carbon, hydrogen, nitrogen, oxygen and phosphorus. These
elements produce basic biomolecules such as glycine, alanine, lactic acid, and
pyruvic acid. Hydrogen cyanide and formaldehyde play key role in formation of
these biomolecules.

1.1 Origin of Life

1.1.1 Chemical Evolution on the Earth

Chemical evolution on the earth has proceeded in abundant elements of C, O, H, N
and P, and they are also abundant in the universe. Elements in a closed system
undergo chemical reaction among them, and finally result in equilibrium state as
total bond energy A is minimum in the following equation where E ; and #; indicate
chemical bond energy and number of chemical bond of species i, respectively under
the restriction condition of number of the elements.

A= ZiniEi

Computer simulation of C,H;oNOg system shows significant amount of important
biomolecules such as water, carbon dioxide, methane, ammonia, ethane, formic acid,
acetic acid, methanol, formaldehyde, ethylene, hydrogen cyanide, methylamine,
acetaldehyde, ethanol, acetone, ketene, formamide, glycine, acetylene, lactic acid,
acetamide, ethylene glycol, benzene, alanine, furan, pyrole, pyridine, cyanogen,
benzoic acid, pyruvic acid, pyrimidine, phenol, xylene, benzaldehyde, naphthalene,
anthracene and asphalt [1] (Table 1.1). This result shows that essential biomolecules
are produced in equilibrium state of C, H, O and N. Generation of elements are
divided into nuclear fusion and supernova explosion by atomic number of iron.
Elements until atomic number of iron, 26 are created by nuclear fusion. On the other
hand, elements of atomic number over 26 are created in high energy condition such

© Springer Japan KK, part of Springer Nature 2018 1
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Table 1.1 Production of various molecules in equilibrium state
Equilibrium distribution of molecules in C;H;oNOg system at 500 °C, 1 atm [mol/total mol of
carbon]

Water 2.24 Carbon dioxide 0.88
Nitrogen 0.50 Methane 0.12
Hydrogen 0.18 x 107! Ammonia 0.15 x 1073
Carbon monoxide 0.54 x 1074 Ethane 0.34 x 1077
Formic acid 0.25 x 107° Acetic acid 0.25 x 107°
Methanol 0.73 x 10" Formaldehyde 0.13 x 107"
Ethylene 0.88 x 102 Hydrogen cyanide 073 x 10712
Methylamine 0.64 x 1071 Acetaldehyde 0.81 x 107"
Ethanol 0.92 x 107" Acetone 0.92 x 1077
Ketene 0.19 x 107" Methyl ether 0.30 x 107"
Formamide 0.24 x 10°%° Glycine 0.48 x 102!
Acetylene 0.11 x 1072 Lactic acid 0.20 x 107
Acetamide 0.11 x 1073 Ethylene glycol 0.62 x 107
Benzene 0.52 x 1075 Alanine 0.97 x 1077
Furan 0.14 x 107% Pyrole 0.31 x 107
Pyridine 0.16 x 107° Cyanogen 0.77 x 107!
Benzoic acid 0.65 x 107" Pyruvic acid 0.31 x 107"
Pyrimidine 0.13 x 107! Phenol 0.12 x 107°
Xylene 0.13 x 107! Benzaldehyde 0.12 x 107%
Naphthalene <1038 Anthracene <1038
Asphalt <107 Oxygen <107

M.O. Dayhoff, E.R. Lippincott and R.V. Eck: Science 146 (1946), 1461

Table 1.2 Element

o o bod Element Element

composition of human bo

(drypweight [%]). Atomic Y Carbon (6) 50 Oxygen (8) 20

number is shown in Hydrogen (1) 10 Nitrogen (7) 8.5

parenthesis Calcium (14) 4 Phosphorus (15) 2.5
Potassium (19) 1 Sulfur (16) 0.8
Sodium (11) 0.4 Chloride (17) 0.4
Magnesium (12) 0.1 Iron (26) 0.01
Manganese (25) 0.001 Todine (53)0.00005

D. Webb and W.R. Frearon: Sci. Proc. Roy. Dublin Soc.
21 (1937), 387

Maximum molecular component of human body is water (60 %)
There are boron (5), silicon (14), copper (29), cobalt (27), zinc
(30) and molybdenum (42) as minor elements in human body

as early process of supernova explosion. There are boron (5). silicon (14). copper
(29). cobalt (27). zinc (30) and molybdenum (42), iodine (53) as minor elements
in human body (Table 1.2) and copper. cobalt. zinc, molybdenum and iodine play
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CHy + HO @ —m8m—— — HCHO + 2H;
methane water lightening formaldehyde
CHs + NH;  @—m8m8m—— — HCN + 3H:
methane ammonia hydrogen cyanide

Strecker-type synthesis
HCHO + HCN + NH; ———— CHx(NHy)-CN + HO
hydrolysis | «2H>O
CH,(NH,)-COOH + NH;s
glycine

Fig. 1.1 Generation of glycine from formaldehyde and hydrogen cyanide in primitive atmosphere
The most simple amino acid, glycine can be synthesized using hydrogen cyanide and hydrogen
cyanide which are generated in equilibrium state of C, N, H and O system in aqueous environment

important roles in metal enzymes or hormone. Formaldehyde and hydrogen cyanide
could be generated by Lyman alpha ray and lightening, respectively during the long
history of the earth. The age of universe is estimated 138 x 10° years and the age of
the earth is estimated 45 x 10” years. It is enough time for chemical evolution on the
earth. Formaldehyde and hydrogen cyanide are important basic molecules to pro-
duce amino acid, sugar and pyrimidine from following chemical reactions. Glycine,
the simplest amino acid could be generated from formaldehyde and hydrogen
cyanide in primitive atmosphere by lightening energy (Fig. 1.1). Ribose, a compo-
nent of nucleotide and sugars could be generated from formaldehyde by chemical
reaction known as formose reaction proposed by Alexander Butlerov [2]. Oré and
Kimball have proved adenine, a nucleobase is generated from 5 hydrogen cyanide
molecules in ammonia water at 100 °C overnight [3]. Adenosine triphosphate (ATP)
could be generated from adenine, ribose and phosphate in water by thermal or
nuclear fission energy. And TTP, GTP, CTP and UTP could be generated in similar
reaction. Under a condition of energy supply, the initial system escapes from
equilibrium state and number of biomolecules increases and molecules of higher
bond energy are generated. Stanley Miller performed experiment simulating chem-
ical evolution in primitive atmosphere and lightening energy. The atmosphere was
composed of H,O, CH,, NH; and H,_and these molecules represent oxygen, carbon
nitrogen and hydrogen, respectively. Glycine, alanine and aspartic acid were iden-
tified in this experiment [4]. Alternatively, another energy source of the earth is
hydrothermal vent. And recently hydrothermal vent communities of living organ-
isms were found around the vent. These organisms depend on chemosynthetic
bacteria for their food. Development of biomolecules by energy supplement results
in proto cells with lipid vesicles as envelope of the biomolecules. These proto cells
have developed in evolution of energy-usage system.



4 1 Physics in the Origin of Life
1.1.2 Origin of Catalytic Activity of Enzymes

Living organisms are essentially systems of chemical reactions catalyzed by
enzymes that synthesized in protein synthesis system according with genetic infor-
mation of cell. In addition to enzymatic function, biological functions of proteins are
antibodies of immune systems and receptors of cellular signaling. There are 20 spe-
cies of amino acids in living organism on the earth. General structure of amino acid
is composed of amino moiety, carboxyl moiety and one of 20 different side chains
for each amino acid. And these amino acids are classified into basic (histidine,
lysine, arginine), acidic and their amide (aspartate, glutamate, asparagine, gluta-
mine), aliphatic (glycine, alanine, valine, leucine, isoleucine), hydroxyl or sulfur-
containing (serine, cysteine, cystine, threonine, methionine), cyclic (proline) and
aromatic (phenylalanine, tyrosine, tryptophan) amino acids. And they are polymer-
ized by peptide bond between amino and carboxyl moieties. Gibbs free energy (AG)
of peptide bond formation is AGy'= 8-20 kJ/mol (1.9-4.8 kcal/mol). For formation
of peptides in biosynthesis of protein, amino acid is activated as amino acyl-tRNA.
On the other hand, heating of amino acids mixture polymerizes amino acids to result
generation of in thermal polymer in vitro. Catalytic function of enzyme is one of
important function of proteins which are polymerized structure of amino acids. And
the thermal polymer of amino acids and the polymer shows small but significant
catalytic activities such as hydrolysis, decarboxylation, aminization, deamination
and redox reaction. Acidic, basic, hydroxyl and sulfur-containing amino acids are
required for these catalytic activities, and these amino acids are arranged in active
site of enzyme (Table 1.3). For example, active site of trypsin is composed of His57,
Aspl102 and Ser195, and other parts of amino acids play a role of arranging these
amino acids in right position of active site. Living organism on the earth is essen-
tially a system of regulated chemical reactions catalyzed by enzymes. Catalytic role
is performed by enzyme and its genetic information is stored in nucleic acid (DNA).

1.1.3 Development of Genetic Information and RNA World

There are two types of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA) which are polymers of nucleotides. Nucleotide is composed of nucleic
acid base, sugar (deoxyribose or ribose) and phosphate (mono- di- or tri-phosphate).
There are adenine, thymine, guanine and cytosine for DNA, and uridine instead of
thymidine for RNA. Nucleotides of triphosphate (ATP, TTP, GTP and CTP) are
high energy biomolecules used in cells. Hydrolysis of nucleotide triphosphate
releases AGy'=—7.3 kcal/mol as Gibbs free energy, and used in various biological
functions (Fig. 1.2). So, it is possible for nucleotide triphosphates to polymerize by
use of own energy. Watson-Crick base pair is most important rule for gene replica-
tion. Double strand of DNA is formed by complementary structure of base pairs
between adenine and thymine (A-T) and between guanine and cytosine (G-C)
(Fig. 1.3). Two hydrogen bonds connect between adenine and thymine at distance
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Table 1.3 Catalytic functio

n of enzyme

Active amino acid residue in thermal Activity [uM/mg/
Substrate polymer min]
Hydrolysis
p-Nitrophenyl acetate His, Lys, Asp-imide, Glu, Asp, Ser, Tyr 1.5 % 1073
p-Nitrophenyl phosphate | Basidc and neutral amino acids 2% 1073
ATP Zn, Lysine-rich polymer ~107*
Decarboxylation
Glucose, Gluclonic acid Lys ~107%
Pyruvic acid Glu, Thr ~107%
Oxaloacetic acid Lys 0.3
Aminization- deamination
a-Ketoglutaric acid Lys, Basic amino acid 2x 1073
H2 N-donor:Glutamic ~107*
acid
Redox reaction
H»0, (catalase) Hemoproteinoid Phe inhibitor ~107*
H»0, and H,-donor Lys-rich hemoproteinoid 0.2

Catalytic activity of enzyme functions at active center

Active center of Chymotrypsin (protease) is composed of only three amino acids (Ser-195, His-57
and Asp-102) while molecular weight of the protein is 25,000

Under the involvement of aspartic acid, the nitrogen atom (N) of the histidine takes the proton (H*)
from hydroxyl group (-OH) of the serine, and a moiety (-O-) which is easy to give the electron is
formed

The enzyme forms the route where the electron is easy to move on internal bonds of a molecule
rapidly by lowering the activation energy

Fig. 1.2 Molecular NH,
structure of Adenosine
triphosphate (ATP) (] (0] (0] N XN

i i Il I Il 4
ATP is the most important HO—P—0—P —0—P—0 )
molecule for high energy | | | N N/
source of living organisms OH OH OH

OH OH

of 11.1 A and bonding energy E=—5.88 kcal/mol, and three hydrogen bonds
connect between guanine and cytosine at distance of 10.5 A and bonding energy
E=—19.18 kcal/mol. The ordered structure of DNA double helix formed by hydro-
gen bonds is disrupted by raising temperature. And lowering temperature makes the
single strand to form double helix by complementary base pairs of A-T and G-C.
From viewpoint of genetic information development on DNA, Temperature depen-
dent formation and disruption of base pairs makes it possible to polymerization of
nucleotides under the reaction mechanism like PCR (polymerase chain reaction)
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A-T pair CH3
E=-5.88 kcal/mol O
H\N ~H
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N
Ct o) N)I >
k N N
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E=-19.18 kcal/mol
o
N
H
(6]
N N
cr ~ Y N N
o) )\
H\N N N
| |

cr

Fig. 1.3 Watson-Crick base pair of DNA
Watson-Crick base pair is molecular basis for heredity of living organisms

which uses up and down of temperature for base pairs disruption and formation. This
type of circumstances may be occurred in sea shore of the primitive Earth.

There is a mutual relationship between DNA and protein because biosynthesis of
protein requires genetic information on DNA and enzymes for DNA replication
(DNA polymerase. However, in the RNA world catalytic activity of enzyme protein)
is substituted by ribozyme. Coupling of amino acid and codon on DNA should be
elucidated. In the present living organisms on the earth, the coupling between
mRNA (transcripted codon information from DNA) and corresponding amino acid
is mediated by aminoacyl-tRNA having anti-codon and corresponding amino acid.
This coupling is mediated by amino-acyl tRNA synthetase that recognizes amino
acid and corresponding tRNA having anticodon of the amino acid. However, the
origin of this system and evolution to amino-acyl tRNA synthetase is still unclear.

1.1.4 Evolution as Progress of Energy Metabolic System

Evolution of metabolic pathway in living organisms on the earth was proposed by
Horrowitz from viewpoint of energy usage [5]. In the ocean of primitive earth, there
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Mother LO A A is available
\2

Mutant (1) B—A B is available
\2

Mutant (2) C—>B->A C is available
\2

Mutant (3) D—-C—B—A D is available

Fig. 1.4 Evolution of living organism (LO)

Evolution of metabolism caused by change of nutrition source

(1) Mother species that require organic compound A absolutely as nutrient for living

(2) When A is exhausted, mutant (1) that obtains enzyme converting B to A propagate by use of B
(3) Mutant (2) and mutant (3) propagate similarly by use of organic compounds C and D,
respectively. The schematic image is made according to his hypothesis of evolution [Horrowitz,
N.H.: Proc.NAS USA 31 (1945), 153]

might be various high energy compounds. Primitive cells used some of these
compounds as energy source. After the compounds were exhausted by the living
organisms, other compounds of similar structure might be new energy source for
other living organisms which acquired enzyme for the new compounds by genetic
mutation. The living organisms sequentially acquired new mutated enzyme and
energy metabolic system extended (Fig. 1.4). Therefore, evolution is essentially
progress of energy usage system.

1.1.4.1 Chemoautotroph
Sulfur bacteria are a diverse group of microorganisms capable of metabolizing sulfur
and its compounds. These bacteria use hydrogen sulfide (H,S), sulfur, and thiosul-
fate (S,057) as energy source and finally oxidized to sulfate (S0,>” as shown in
following equations.
H>S—S+2[H] Sulfur oxygenase

S+0+H0—H2504

H2S203+H2503 sulfurous acid-cytochrome C  reductase

H2S03 +H0—H2S04+2[H]
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Hot water from submarine hydrothermal deposits includes sulfide, and there is
ecological system of clubs, clams, asteroids and annelids which eat population of
sulfur bacteria for their growth.

1.1.4.2 Photosynthetic Bacteria

In initial stage of evolution such as the mechanism proposed by Horrowitz, exhaus-
tion of an energy source extended metabolic system for new energy source. Solar
energy from the sun is non-exhaustion energy on the earth. And photosynthetic
bacteria use solar energy for their energy source. Photosynthetic bacteria have two
types of metabolic systems. One system synthesizes ATP and another system
synthesizes NADPH. ATP and NADPH are major high energy compounds in living
organisms (Fig. 1.5).Chemical reaction of ATP—ADP+P; generates free energy
(AGy'=-17.3 kcal/mol) and redox reaction of NADH—NAD"+e  +H* generates
redox potential (E,'=-0.32V).

These two photosynthetic systems are incorporated into plants as parasite. Thy-
lakoids of chloroplast generate NADPH (NADPH is generated instead of NADH in
mitochondria) by use of solar energy (Fig. 1.6).

Electron acceptor

e
Electron acceptor
ADP+Pi
Ubiquinone
|e- e NAD-+/H+
Cytochrome b
| e— Ubiquinone
Cytochrome ¢ | e~
.
Pas0— 5 Cytochrome b
|~
Cytochrome ¢
ATP
o
NADH

P890
K

Fig. 1.5 Synthesis of ATP and NADPH in photosynthetic bacteria

Electron donor



1.2 Thermodynamics of Biological System 9

Light
Light 2H+ +2NAD™ 2NADPH+

. FAD enzyme

ILHCll PS Il complex . Cyt-b6 Il llllll
l ll I Cytt II PS | complex llllll
ZHQr 02

8H+
IPC  pg-

Fig. 1.6 Electron transport system in thylacoid membrane

Water molecule is separated into proton and oxygen molecule by charge separation using solar
energy in photosysystem II (PS II) and the proton transferred within thylakoid. The protons generate
electrochemical potential for H*-ATPase. FADPH,+ is generated in FAD enzyme using high
energy of electron excited in photosystem I (PS I). These systems in photosynthesis bacteria are
integrated in chloroplast. Solar light enters light harvesting complex (LHC)

1.1.4.3 Mitochondria and Ecological System on the Earth

Plant cell has mitochondria in addition to chloroplast. However, animal cell has only
mitochondria which use glucose at the first step of metabolic system. And ATP and
NADH are generated in inner membrane of mitochondria (Fig. 1.7). In the ecological
system on the earth, photosynthetic system of flora and mitochondria of fauna are
coupled with mediation of hydrogen oxide (water) (Fig. 1.8).

1.2 Thermodynamics of Biological System

1.2.1 Kinetics of Chemical Reaction

The simplest chemical reaction between reactants A and B and product C is shown as
following scheme.

A+B — 2L ¢

v
Rate of association and rate of dissociation are defined as v,; = k. {[A][B] and
v_y = k_[C] respectively, where k,; and k_; are rate constants.

Using equilibrium condition v,; = v_; results in *+' / oy = [C]/[A][B] =K

K., is equilibrium constant. In equilibrium state, association reaction and disso-
ciation reaction are proceeding, and equilibrium constant is obtained as ratio of
reactants to products.
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Space between inner membranes of mitochondria

H+ H+ H+
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|
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NADH-+H*+H* NAD+ Fumric acid

Succinic acid +
ADP-+Pi EneH* \rp

Mitochondria matrix

Fig. 1.7 Electron transport system in mitochondria

Energy generated by redox potential NADH+H"+2¢", E’r»=-0.315V) is used for transportation of
protons from matrix side to space between inner membrane. And electrochemical potential caused
by gradient of protons results in synthesis of ATP in ATP synthase

02

— H i .

2NADPH S 20)\IVIltochondrla

3ATP 0»
Photosynthetic system Calvin cycle Kreb's cycle flectront
ranspor

Chloroplast \ / NADH system
C

0» ATP
2H-0 2H-0

Solar energy
Solar

B 7 battery

Hydrogen
Hydrogen
2 _—
HZ
Water H,0 Fuel battery water H,0

Electrolysis of water by

E idation of h;
generates hydrogen and oxygen nergy generated by oxidation of hydrogen

is converted toelectric energy

Fig. 1.8 Coupling between flora and fauna similar to electrolysis of water molecules and solar
battery
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1.2.2 Enzyme as Protein Catalyst and Its Kinetics

Essential unit of living organism is a cell and chemical reactions of its metabolic
system is catalyzed by specific enzymes synthesized by use of genetic information of
DNA. Chemical reaction mediated by enzymes is shown in following equations
where E, S ES and P denote enzyme, substrate, ES complex and product,
respectively.

k ks
E+S— —ES S E+P
~1
Michaelis and Menten assume that £+S and ES are in equilibrium state and then
Michaelis constant K, becomes K, = % [6].

Haldane assumes that concentration of ES complex is in stationary state and then
Michaelis constant is changed to K,,, = % in this case [7].

1.2.3 Change of Free Energy in Chemical Reaction

Molecules in isolated system become finally equilibrium state by chemical reaction
among them. And the concentration of each molecule is determined by change of
Gibb’s free energy in the chemical reaction. In a case that reactants A and B make
product C, Gibb’s energy change is shown in reaction coordinate with activation
energy (Fig. 1.9). Ratio of product concentration to reactants concentration is
determined by equilibrium constant. Activation energy of chemical reaction is
reduced by specific enzyme mediating the reaction in a biological system of cell.
Rate of reaction is explained by transition state theory. Temperature dependency of
reaction rate, k is shown by following Arrhenius equation. k=Ae#t. A, E,, R and
T are frequency actor, activation energy, Gas constant and absolute temperature,
respectively. Eyring introduced activated complex as a transition state in his tran-
sient theory.

A+B & (AB)* — C

In this reaction mechanism, reaction rate v is shown by v=k*[(AB) *]. When
equilibrium state between A+B and (AB) * is assumed, equilibrium constant K* is
shown by K*=[(AB) *]/[A][B] and finally v=k[A][B]=k*K *[A][B].

AG*=—RTInK* and k=k*exp(— A G/RT)=k*exp( AS*/R)exp(— AH*/RT) shows
relationship between reaction rate, k and activation energy. The result means that
activation energy determines rate of chemical reaction.
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A+B&C
A
Transition state
Gibbs’s free energy:
o G=H-TS
4 Activation energy

¥ Enthalpy: H=U+PV
5‘) E Entropy: S
o Reactants
W1A+B

Product

Free energy change
AG c

Reaction coordinate

Fig. 1.9 Free energy change of chemical reaction
AG,=—RT InK,,

Equilibrium state of chemical reaction
Equilibrium constant: K,,=[CJ/[A][B]

1.2.4 Coupling Reaction for Synthetic Chemical Reaction

Water molecules play key role in chemical reaction of biological system. In most
cases, association of molecules occurs as dehydration condensation and dissociation
of molecule occurs as hydrolysis. In general, Gibbs’s free energy change of associ-
ation of molecules is positive, and so synthesis of molecule requires supply of
energy. Gibb’s free energy change of ATP (7.3 kcal/mol) is used to make the
total Gibb’s energy change be negative (Fig. 1.10).

1.2.5 Non-equilibrium Thermodynamics and Living State

From physical viewpoint, living state of living organisms is a non-equilibrium state
which is different from equilibrium state. For example, Escherichia coli cell is
composed of carbon (5.83 x 107), hydrogen (9.83 x 10”), oxygen (2.67 x 10°)
and nitrogen (1.55 x 10%). In closed system, these atoms form various molecules and
then finally result in equilibrium state where total energy of chemical bonds is in
minimum. On the other hand, these atoms are used for synthesizing various biolog-
ical molecules such as protein, nucleic acid, lipid, sugar and so on. Total bond
energy of the biological molecules is higher than the total bond energy of various
molecules formed in equilibrium. The difference of total bond energy between
molecules in E. coli cell and molecules in equilibrium is supplied to maintain living
state of E. coli cell [8].
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(Hydrolysis (degradation)
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Coupling of 2 reactions generates product by negative change of

free energy.

Fig. 1.10 Coupling reactions for biosynthesis in a cell
Coupling of 2 reactions generates product by negative change of free energy

1.3 Stationary State of Living Organism

From view point of energetics, formation and maintenance of biological system can
be understood by the second law of thermodynamics. Highly ordered biological
system is attained in non-equilibrium state. I. Prigogine analyzed the second law of
thermodynamics from viewpoints of micro and macro level of biological system,
and he concluded that ordered system realized even in non-equilibrium system. This
system is in irreversible process and has continuous entropy production, in other
word dissipation of free energy [9]. Considering living organisms thermodynami-
cally, if substances and energy do not exchange with those in external environment is
assumed (isolated system) in the living organisms irreversible processes such as
chemical reaction, diffusion of substances, thermal conduction and so on are pro-
ceeding with production of entropy and finally result in equilibrium state where
entropy production is zero. However, living organisms exchange substances and
energy with external environment (open system) and generate entropy; rate of
entropy generation is proportional to difference between non-equilibrium state and
equilibrium state. And the non-equilibrium state of living organism is considered
approximately as stationary state.
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Stationary state is one of non-equilibrium states, and so entropy is generated
continuously in biological system. Change of entropy in internal system is
represented by d;5>0. All state functions do not depend on time in stationary state,
and it is formulated by% = d[;ts + %9 = 0, where dS and d,S represent entropy change
of entire system and external environment, respectively. Continuous generation of
entropy in biological system is represented by% > 0Os, and so results in dt;’ts < 0. This
result indicates that negative flow of entropy compensates generation of entropy in
biological system for maintaining the stationary state.

Rate of entropy generation is defined as ® = T%S and then temporal change of ©
as dd—‘f is considered. Biological system of open system has an internal term of djl’" <0
and an external term of dgf. Positive or negative sign of the external term is not
determined. Living organism is an open system, and flow of entropy is composed of
thermal flow and substantial flow. The flow of entropy is shown by j; =% + > js;.
1

When there is no thermal flow (q=0), flow of entropy generated by substantial flow
and results in >_j;s;, < 0. The equation indicates that entropy of imported sub-

1
stances is smaller than entropy of exported substances in stationary state.

1.3.1 Stationary State and Principle of Minimum Entropy
Production

From viewpoint of natural science, generation and maintenance of energy in bio-
logical system should be understood in frame of physics and chemistry. And
conversion of energy in biological system is determined by the second law of
thermodynamics. Highly ordered biological system is generated in
non-equilibrium system. I. Prigogine has analyzed the second law of thermodynam-
ics from micro and macro viewpoint, and he has shown that ordered system is
generated in non-equilibrium state. The ordered system is in irreversible process
and generates entropy continuously and dissipates free energy. So, this system is
called as ‘dissipative structure’.

Ecological system on the earth is not in equilibrium system but in ‘dissipative
structure’ like biological system. Reversible process is going with fluctuation in
equilibrium state but never escape from equilibrium state. On the other hand,
‘dissipative structure’ exchanges energy and substances under a condition of
non-equilibrium state, and this exchange maintains dissipative structure’. Both
equilibrium state and stationary state do not change as time passes. However
stationary state produce entropy but equilibrium state does not produce entropy.
Stationary state is maintained by some fixed force (independent of time) of external
system. However, it is impossible to realize time-independent external system. So
stationary state is an ideal state in limited time scale. In other words, stationary state
has the minimum production of entropy under limited condition from external
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system. Produced entropy flows out and the entropy in the system is kept constant.
On contrary, entropy production becomes finally zero in equilibrium state.

1.3.2 Nonequilibrium Thermodynamics

Considering stability and fluctuation of structure in non-equilibrium thermodynam-
ics, P. Glandorff and Ilya Prigosine have studied what living state is thermodynam-
ically [9]. Prigosine received Nobel Prize in chemistry "for his contributions to non-
equilibrium thermodynamics, particularly the theory of dissipative structures". He
has also proved principle of minimum entropy production in statistical physics.
Quasi-static change near equilibrium state was considered in early theory of
non-equilibrium thermodynamics, and it only indicated direction of change but did
not include temporal factor. Onsegar and Prigogine have developed linear non-
equilibrium thermodynamics by introducing assumption of ‘local equilibrium’ and
linear Phenomenological equation which includes flux, J; representing temporal
change and force, X; representing cause of flux.

Ji=> LiX;
J

Any Phenomenon can be expressed by the linear phenomenological equation. In
the case of Ohm’s law of electric resistance, electric current, / and voltage
V correspond to flux and force, respectively. In the case of two forces such as
Thomson effect, Q =@ -1- AT, electric current [ and temperature difference AT
correspond to force X; and force X, respectively. In other cases of many forces,
similar expression of Phenomenological equation is available. Coupling coefficient
L;; is introduced as constant of phenomenological equation. And Onsager could
show that the matrix of Phenomenological equation is symmetric, or that L;=L;
(i#j). This reciprocal relation between coefficients was proved in process close to
equilibrium under condition of micro reversibility. Phenomenological equation is
also available for chemical reaction. Flux and force correspond to chemical reaction
and affinity (chemical potential difference between before and after the reaction),
respectively. However, chemical reaction is scalar, so there is no cross relation with
vector of Phenomenological equation. In a case of biological membrane, chemical
reaction and substance transport are conjugate, so this non-isotropic system makes
possible to use Phenomenological equation. When relation between flux and force is
generalized in Phenomenological equation, stationary state is shown as feature that
does not change temporally. Prigogine indicates that entropy production by flux is
the minimum in stationary state. And he studied non-equilibrium thermodynamics
extended to non-linear region.
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1.3.3 Principle of Minimum Entropy Production

Main problem of non-equilibrium thermodynamics is to extend method of thermo-
dynamics covering non-linear and unstable phenomenon by start from equilibrium
state. Principle of local equilibrium is postulated for this purpose. Considering
volume element of small enough but sufficient enormous size for macroscopic nature
in non-equilibrium state including irreversible process, there exist state valuables of
state function thermodynamics. The state function is as same as that in equilibrium
thermodynamics. Principle of local equilibrium implies that effect of collision is
dominant to keep thermodynamically. It becomes possible to extend to
non-equilibrium state if local entropy is described by same independent valuable.
Substances and energies exchange through its surfaces among of each subsystem.
And the surface increases at second power while the volume increases at third power
as the size of system increases. Therefore, the large system enough to establish
condition of statistical independency can be regarded as closed system. And those
subsystems are independent from surrounding subsystems. Ergodic hypothesis is
available and statistical method can be used in those subsystems.

To introduce ‘Principle of minimum entropy production’, ‘Law of conservation
of entropy’ is first introduced from ‘Principle of local equilibrium’. In General
expression of conservation law, specific entropy e is introduced into a. And it
becomes equation, % = % + vV. By coordinates transformation on flow and then

use of equation of continuity aa”t“ + VJs — @, =0, equation entropy balance,

p% = ®T — Vj, in non-equilibrium state is obtained. In general, inner generation
rate of entropy production, @ is expressed as @ = pT% =Y J;X; by definition of
flux J and force X.

In the presence of n fluxes, some of them are zero in stationary state. When

phenomenon equation J; = ) L;X ; is assumed, generation rate of entropy produc-
J
tion is expressed as @ = ZiZjLin iX j and derivation of the equation is described in

the next section. When forces X, X,, ..., X are fixed, condition of @ having
maxima or minima is g—f =0 (i=k+1,...,n). Substituting ® for & = > .L;

n
X;X,givesz (Li+L;i) =0 (i=k+1,...,n). AndJi = 0is obtained by using
i1
Onsager reciprocal relations, L; = L; (i # j). The result indicates that forces
conjugating the fixed forces remain and other forces become zero. The fixed forces
maintain stationary state. In zero-order stationary state, there is no fixed force and all
fluxes disappear, and this is equilibrium state. When one of unfixed forces is
perturbed, positive flux caused by the force generates negative flux of resistance,
and this is an extended Le Chaterier.’s principle. Principle of minimum production
of entropy is an important achievement obtained in non-equilibrium thermodynam-

ics. The principle indicates that system selects a path of minimum resistance.
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1.3.4 Derivation of Generation Rate of Entropy Production

Evidence that rate of entropy production is shown as ® = > J;X; is explained as
follows. When general expression of conservation law is converted on flowing
coordinate and equation of continuity is used, ¢, becomes internal production rate
of entropy. Therefore, equation showing flow of entropy of system in
non-equilibrium state, p% = £ — Vi is obtained when ¢, = 2. On the other hand,
Gibbs’s equation, du = Tds — pdV + 3 u;dx; is converted to p&s = £.du _ 2 N du

gt = Tdi T ra
byuseofv:%.

Following equations of differential of time are replaced in the Gibb’s equation.

d
Internal energy — pd—IZ = 06:Vv—-Vqg-V ijhi + Zjixi

dp
P A
ressure ” pPVV

. dx; . dé;
Mole fraction of component 'DE =-Vj,+p ; vy o
And the equation is classified into 4 terms by use of j, = % — 3" ji,, and they are
viscous flow of unit volume gravity center, chemical reaction in system, diffusion of
substance in isothermal system and entropy production rate by heat flow. From
comparison of equations, meaning of each term is obtained as follows. Force of
velocity gradient of gravity center of part makes flux of stress and static pressure.
Force of affinity makes flux of chemical reaction. Force of chemical potential
gradient makes flux of diffusion. Force of temperature gradient makes flux of heat
flow. These relations are supposed as product of flux and force. Therefore, ® = > J;X;
is obtained.
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Chapter 2 ®)
Cells and Biomembranes Check for

Abstract Cell is constructed by various membrane structures called biomembrane,
and major components of the biomembrane are proteins and lipids. Biomembranes
have roles of compartmentation and selective permeation. Most of functions are
located on biomembranes. Physical properties such as fluidity, phase transition and
phase separation affect and regulate membrane functions. Functional role of cell
looks like a device of information processing; cell receives external stimulus by
receptor, transduces it and respond to the stimulus properly.

2.1 Cells and Biomembranes

Cell is an essential unit of life in living organisms including animals, plants, fungi
and bacteria on the earth. Although there is no strict definition of cell, cells have
common properties as follows.

. Separated by envelope

. Maintaining metabolism

. Propagation by replication

. Undergoing Darwinian evolution
. Controlling cellular functions

[ O I S R

Cell is composed of various biomembranes, and biomembranes have proteins and
lipids as their major components. Water molecules are indispensable for living
organisms, which is related to origin of life in ocean and physicochemical process
of biomembrane generation. Lipid components of biomembrane are called mem-
brane lipids, and they include phospholipids, glycolipids and sterols. They have
amphiphilic property and, molecular shape and structure of assembly are shown in
(Fig. 2.1). In aqueous environment, lipid molecules assemble to form lipid bilayer
membranes. And proteins which are synthesized according to genetic information
are inserted into lipid membranes, and biological functions are added to
biomembrane. The cell is constructed by various membrane structures, such as
nucleus, mitochondria, endoplasmic reticulum (microsomes), lysosomes Golgi
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Fig. 2.1 Shape of lipid molecule and structure of lipid assembly
Geometrical shape of lipid molecule determines structure of lipid assembly

apparatus and plasma membrane (Fig. 2.2). In addition to them plant cells have
chloroplasts. There are many chemical reactions catalyzed by enzymes in the cell.
Basic functions of biomembranes are compartmentation and selective permeation for
those chemical reactions. Water occupies 66% of body weight in a human, and
aqueous environment is required even for living organism on land. Biomembranes
also provide hydrophobic environment for various functions of biomembranes.

2.2 Thermodynamics of Lipid Assemblies

When lipid molecules are dispersed in water the lipid molecules spontaneously
assemble, which is a process of thermodynamics. For this process, chemical poten-
tial of one lipid molecule and that of a lipid assembly composed of 7 lipid molecules
are considered as follows. Chemical potential of single lipid molecule in water pyy is
represented as follows, where iy, Xy and fy, are standard chemical potential, mole
fraction and activity coefficient of single lipid molecule in water, respectively.

Hw = ”OWRT In Xw +RT lan ”Omicelle,n

Average chemical potential of a molecule in a micelle as lipid assembly, 7,z
is represented as follows where i,,icepe, , and X,, are standard chemical potential and
mole fraction of a lipid molecule in water, respectively.
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n

Therefore, distribution of assemblies’ size can be obtained as a function of Xy if
difference of unitary potential, ptgy — Uomicenre,n and activity coefficient are known.
Assuming fy = 1, Xn = nXyexp [—n*2er P04 i obtained. There is no formation
of lipid assemblies when Xy, is below critical micelle concentration (CMC). When
Xy is above CMC, Xy, is kept constant and additional lipid molecules go to
formation of lipid assemblies. Following terms; bulk term (hydrophobic effect),
surface term (hydrophobic interaction among hydrocarbons and repulsive interaction
among polar heads), curvature term (elastic energy by bending) and packing term
(interaction among steric structure of lipid side chains) contribute to difference of
unitary potential, oy — Homicetie,n- In these terms, surface term and curvature term
reduce pPomicene Which become stabilizing force of large assemblies of lipid mole-
cules. Considering formation principle of lipid bilayer membranes from view point
of free energies between hydrophobic interaction and repulsive interaction in polar-
nonpolar interface of lipid assemblies, the free energies are represented by
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C A
”2’ s=r(A—A,) + 1= 7A + Fod where A, A,,yand C are area of one molecule at

interface, area of polar group (able to be included in bulk term), density of hydro-
phobic free energy (3.5 x 10° Jnm™) and constant of repulsive free energy
(1.15 x 10%°Jnm?). Packing constraint is a crucial factor in assembly of lipid
molecules in aqueous environment. Area of one lipid molecule in thermodynamic
balance is determined as follows. Condition of the minimum interface free energy

0
a/‘n,s —0 . 0 in) = 0 d bstituti h 1 .
=0, ie. Hy,s(min) = and substituting each value give

0A
Ay = \/g = %ﬁ;gj‘m@; = 0.57nm*. One lipid molecule occupies nearly 0.60

nm? in lipid bilayer membranes.

2.3 Shape of Lipid Molecule and Structure of Lipid
Assembly

Hydration of polar heads of phospholipid molecules makes the lipid molecules
disperse in water, and the lipid molecules spontaneously assemble. The process of
hydration depends on lipid species. Phosphatidylcholine is easily hydrated, but
phosphatidylethanolamine is hardly hydrated, and the hydrations proceeds with
main phase transition. Shapes of phosphatidylcholine and phosphatidylethanolamine
are cylinder rand inverted cone, respectively. Phosphatidylcholine molecules assem-
ble in planar structure of bilayer, and phosphatidylethanolamine molecules assemble
in hexagonal II structure. Relationship between molecular shape and structure of
lipid assembly is theoretically explained by Jacob N. Israerachvili [1]. Molecular
shape of phospholipid is defined by packing parameter where v, Ay, [ are volume of
hydrocarbon chain, area of cross section on interface of water phase and length of
hydrocarbon chain, respectively.

ki =

packing parameter = ywh

Packing parameter <1, packing parameter =1 and packing parameter >1 corre-
spond to cone, cylinder and inverted cone, respectively. From these definitions, a
structure of lipid assembly is obtained theoretically by shape of lipid molecule.
Volume of the assembly divided by volume of the lipid molecule gives number of
constituent lipid molecules, the number must be equal to number that area of the
surface divided by area of cross section of lipid in inter phase of water. Using this

.. . LR —(R-1)° 2, . .
condition of constraint, W = % is obtained in a case of outer layer of



2.5 Proteins and Functions of a Cell 23

bilayer vesicle (liposome). When real values of phospholipid molecule are
substituted, possibility of forming assemble structure is obtained.

2.4 Basic Structure of Biomembrane

Cell has various structures such as nucleus, mitochondria, endoplasmic reticulum,
lysosome, peroxisome, chloroplast (in plant cell), and plasma membrane in the case
of eukaryote. Primary function of biomembrane is compartmentation and selective
permeation for chemical reactions and metabolites. Major components of
biomembrane are proteins and lipids. Structure of biomembrane has been studied
by many researchers, and remarkable model was proposed by Singer and Nicolson
as ‘fluid mosaic membrane model” in 1972 [2]. They have integrated several studies
from different viewpoints and their own experiment using electron microscopy.
Those studies are theory of hydrophobic effect of lipids in aqueous environment
[3], differential scanning calorimetric study of lipid dispersion [4], X-ray diffraction
study of cell membrane [5], Spin labeling study by ESR for lipid bilayer membrane
[6, 7], fluorescence microscopic study of antigens on a hybridized cell [8] and freeze-
etching electron microscopic study of lipid bilayer membrane [9-11]. For folded
structure of membrane proteins and even for soluble proteins, degree of hydropho-
bicity of each amino acid is important, and hydropathy index is useful to consider
structure and function of proteins (Fig. 2.3).

2.5 Proteins and Functions of a Cell

Most of functions in a cell are due to proteins, and major functions are catalytic
function of enzyme, signaling function of receptor and immune response of anti-
body. These functions are responsible for amino acid components of protein.
20 species of amino acids play their own role in the function of protein. Acidic
amino acid and basic amino acid are associated with electrophilic reaction and
nucleophilic reaction of catalytic function of enzyme, and hydrophobicity or hydro-
philicity of amino acid is also important for formation of protein structure and
interaction with lipid bilayer membrane. Genetic information of amino acid
sequence in DNA is transferred to mRNA, and the protein is synthesized in ribo-
somal system. The genetic information is sufficient for formation of functional
structure of protein, and it is proved by an experiment using RNase A [12]. In the
experiment, RNase A was denatured by reductive treatment with 2-mercapto-thanol
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Chemical structures and hydropathy indexes of amino acids

Methionine (Met, M); 1.9
CH3-S-(CH2)2-CH(NH2)-COOH
Alanine (Ala, A); 1.8
CH3-CH(NH2)-COOH

Valine (Val, V); 4.2
(CH3)2-CH-CH(NH2)-COOH
Leucine (Leu, L); 3.8
(CH3)2-CH-CH2-CH(NH2)-COOH
Isoleucine (lle, 1); 4.5
CH3-CH2-CH(CH3)-CH(NH2)-COOH
Proline (Pro, P); -1.6

NH-(CH2)3-CH-COOH
Phenylalanine (Phe, F); 2.8

Phenyl-CH2-CH(NH2)-COOH

Serine (Ser, S); -0.8
HO-CH2-CH(NH2)-COOH
Threonine (Thr, T); -0.7
CH3-CH(OH)-CH(NH2)-COOH
Tyrosine (Tyr, Y);-1.3
HO-p-Ph-CH2-CH(NH2)-COOH
Asparagine (Asn, N); -3.5
H2N-CO-CH2-CH(NH2)-COOH

Glutamine (GIn, Q); -3.5
H2N-CO-(CH2)2-CH(NH2)-COOH
Aspartic acid (Asp, D); -3.5

H2N-CO-CH2-CH(NH2)-COOHHOOC-CH2-CH(NH2)-COOH

Glutamic acid (Glu, E); -3.5

HOOC-(CH2)2-CH(NH2)-COOH

Tryptophan (Trp, W); -0.9
Lysine (Lys, K); -3.9
Phenyl-NH-CH=C-CH2-CH(NH2)-COOH
| L H2N-(CH2)4-CH(NH2)-COOH
Cysteine (Cys, C); 2.5 Arginine (Arg, R); -4.5

HS-CH2-CH(NH2)-COOH HN=C(NH2)-NH-(CH2)3-CH(NH2)-COOH
Histidine (His, H); -3.2
NH-CH=N-CH=C-CH2-CH(NH2)-COOH

Glycine (Gly, G); -0.4
NH2-CH2-COOH

Fig. 2.3 Structure and hydropathy index of amino acids

to dissociate two disulfide bonds of RNase A in 8M urea solution. The denatured
RNase A was renatured by oxidative treatment of removing urea by dialysis at pH 8.

2.6 Cell as a Device of Information Processing

A cell receives external stimulus and coverts it to a signal that is available in a signal
transducing mechanism in the cell, and the cell shows a cellular function
corresponding to the stimulus. So, cell can be considered as an information
processing devise. There is a receptor protein on surface of a cell and it receives a
ligand (stimulus-molecule) specifically by complementary recognition of molecular
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structures. The signal from receptor flows through cellular signal transducing sys-
tem. This system exists in most of cells because neuronal system and hormonal
system use receptor on each cell for communication among cells. Hormone as
cellular communication signal is secreted by hormone secretory cell and neuro
transmitter is secreted by axon terminal and it is received by receptor on a post
synaptic cell. Cell membrane (biomembrane) has properties of compartmentation
and selective permeation. The selective permeation is due to channel or pump
protein. Permeation of specific ion generated concentration difference between
inside and outside of membrane, and it triggers action potential of neuron. Pump
protein actively transports ions against chemical potential by use of energy. It plays
key role for maintaining membrane potential. H* ATPase, one of pump proteins
generate ATP from ADP and phosphate by rotation of rotator using concentration
difference of proton. Molecular structure of a potassium ion channel is obtained by
X-ray diffraction study and relationship between selective permeation of K* and
structure of channel path was elucidated [13].

2.7 Membrane Potential

There are various ions in biological body including cells, and ionic environment is
different in both sides of biomembrane. And the difference of ionic concentrations
generates membrane potential. Membrane proteins of channel and pump selectively
permeate corresponding ions. So, change of membrane potential correlates various
biological functions of cells. From view point of physical chemistry, concentration
of substance generates chemical potential. In a case that substance is ion, membrane
potential is also generated in addition to chemical potential. And electro chemical
potential is represented by the following equation. pg, C;, z, F and ¢ are_standard
electrochemical potential, concentration of ion species i, electric charge, Faraday
constant and membrane potential, respectively.

ui =pu0+ RTInCi+ zF¢

When there are ions which are unable to permeate membrane in one side of the
membrane. Donnan potential is generated in equilibrium state. Donnan equilibrium
potential E is represented by following equation.

RTl CKin _RTl CClout

pout =@ ="M ckour ~ F " CClin

A cell has negatively charged and impermeable proteins inside of it. Considering
this case in the presence of permeable ions of K™ and CI” the impermeable proteins
generate different concentrations of these ions between inside and outside of
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membrane. In a condition that K™ and CI” and the negatively charged proteins
10 mM, 10 mM and 90 mM, respectively, and electrochemical potentials of inside
and outside of the cell are equal and electrical neutral, the above equation is
obtained.

When temperature is room temperature (25 °C), Donnan equilibrium potential
is — 58 mV.

Donna equilibrium is completed in an excitable membrane of skeletal muscle cell
because of high permeability of K™ and CI. However, in other cells, Donnan
equilibrium is not completed because of low permeability of CI"™ And real cells are
not in equilibrium state but some ion species permeate membrane. lon flux is shown
as number of ions permeate per unit time and per unit area [mol/cm”* sec], and it is
proportional to mobility of ion species i w;[C/sec* dyn], concentration Ci[mol/cm?]
and gradient of electrochemical potential — ‘flix [dyn]. And this is diffusion potential;
J; represented by J; = —u;C; %. In the presence of high concentration of NaCl in
external cell and low concentration of NaCl in internal cell, Jy, = Jg under
condition of electrical neutrality. In stationary state, integration at membrane

— RT ung—uq [Na],,

thickness=a, results in Nernst equation, ¢,,,, — ¢;, = & ;- In N
a 2 in

This equation indicates that diffusion potential is proportional to logarithm ratio
of ion concentration outside to that of inside of membrane and mobility.

2.8 Patch Clamp Technique and Membrane Potential
in Single Channel of a Cell

Membrane potential of biomembrane containing channel proteins is generated by
permeation of ions through the channel. Channel proteins distribute on cellular
membrane at density of 10-200/pm?. Glass electrode of patch clamp technique is
micropipette with open area less than a fewpm?. Cell membrane is suctioned into the
pipette and removed from the cell membrane. And electrode circuit is constructed
with reference electrode. This system has high resistance seal and small noise, and
membrane potential of single channel is recorded with small electric current. Using
voltage clamp, membrane potential is recorded by compensating current to keep the
membrane potential constant. Measurement of membrane potential of single channel
shows stochastic behavior. Time lag after stimulation is different for each channel.
When the temporal changes of membrane potentials in whole channels on the cell
membrane are averaged, the pattern of membrane potential becomes an action
potential [14] (Fig. 2.4).
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Average of 144 measurements
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Pulse of electric potential Pulse of electric potential
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measurement in single channel

Fig. 2.4 Image of electric potential measurement of single sodium channel
Compensated current was measured in fixed electric potential of —110 mV for applied pulse of
—50 mV (left) and —30 mV (Right)
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Chapter 3 )
Methods for Physical Properties s
of Biomembranes and Cells

Abstract Various methods underlying progress of life science which include bio-
physics of cell and biomembrane are introduced in this chapter. Measurements of
bulk system such as X-ray diffraction, differential scanning calorimetry and optical
spectroscopy are changed to observation of specific region by use of imaging
technique. Bio-imaging system such as X-ray CT and MRI is developed by need
of medical diagnosis.

3.1 Application of Physical Method to Study of Structure
and Physical Properties of Biomembranes and Cells

Living organism is essentially a system of regulated chemical reactions. The chem-
ical reactions are catalyzed by enzymes (proteins) which are synthesized according
to genetic information on DNA. For study of these chemical reactions, chemical
approach is suitable and useful. On the other hand, physical approach contributes
study of biological phenomena and functions related to structure and physical
property. Development of life science is correlated with development of technology
as well as other fields of natural science. Molecular recognition such as substrate-
enzyme, antigen-antibody and ligand-receptor is important mechanism by structural
complementarity in biological system. Elucidation of structure of biomolecules and
assembly of them is important to understand biological functions. Structure of DNA
strand was obtained by X-ray diffraction, and it greatly affected development of life
science. Essence of heredity was elucidated at molecular level and molecular biology
progressed. Novel methods of scanning tunneling microscopy (STM) and atomic
force microscopy (ATM) enable direct observation of molecules. Living organism is
also a system of materials and energy as well as system of the regulated chemical
reactions. Biomembrane as a key component of cell is an assembly of lipids and
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proteins in aqueous environment. And lipid molecules assemble to form lipid bilayer
membranes and show phenomena of statistical thermodynamics such as phase
transition and phase separation. Differential scanning calorimetry observes equilib-
rium of statistical system, but most functions of living organisms is fulfilled in
non-equilibrium state. Dynamics of molecules and biological system are observed
by various physical techniques such as ESR, NMR and fluorescence spectroscopy,
and some of these techniques are developed to become imaging methods to observe
the phenomena directly.

3.2 X-ray Crystallography

The best contribution of X-ray crystallography in life science is elucidation of double
strand structure of DNA. Most important functional molecule is protein that is
synthesized according to genetic information on DNA. There is a concept, ‘function
is on structure’. And the first 3dimensional structure of protein was determined by
contributions of Max Pertz and John Kendrew using X-ray diffraction of hemoglo-
bin. Incident X-ray beams scatter by electron of each atom. The scattered beam of
specific angle is enhanced in regular structure of crystal to give a diffraction pattern.
And the diffraction pattern is shown by Brag condition, 4 = 2d - sin 8 where d, A and
0 are distance between crystal planes, wavelength of X-ray and incident angle to
lattice plane, respectively.

3.2.1 Principle of X-ray Diffraction

Resolution of optical microscope is determined by equation of d = 0.61ﬁ, where d

A and N.A. are minimum distance for distinguishing two points, wavelength of
observing light and numerical aperture of objective lens, respectively. This means
that observation depends on wavelength of light. X-ray diffraction method using
X-ray of 0.1 nm wavelength makes possible to observe smaller structure compared
to optical microscope using ~300 nm light. When molecules are arranged regularly
in crystal, unit of regular structure in crystal is called unit lattice. Structure of the
crystal is composed of unit lattices translated X, y and z directions, resulting in
diffraction lattice. Incident X-ray beams are scattered discretely to h, k and 1 of
diffracted X-ray in reciprocal lattice space. Structure factor, that is relationship

between diffracted X-ray and position coordinate of an atom in the crystal is
N

shown by equation F(hkl) = Z f je_z”i(h"f+k}’f+lzf), where x;, y; and z;, f; are
=1
coordinates of each atom in jth molecule and atomic scattering factor of jth molecule.
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Position of electron is maximum position of electron density in deed. Electron
density at position coordinate (x,y,z) in the unit lattice is shown by

W kI
p(xyz) = Z Z ZF (hkl)efz”"(hxﬁkyf“zf . Although structure factor is Fourier
Sy —

transformation, this equation is inverse Fourier transformation. Only scattering
intensity |F(hkl)l is obtained by X-ray diffraction data, and relationship between
the scattering intensity and X-ray diffraction is shown by F(hkl) = |F(hkl)el”*"",
where @ is phase. To obtain electron density, phase should be known. It is necessary
to infer phase in X-ray crystallography. There are direct method and heavy atom
replacement method to infer phase of X-ray diffraction.

3.3 Electron Microscopy

There are two types of electron microscopes in electron microscopy, and they are
transmission electron microscope (TEM) and scanning electron microscope (SEM).
Difference between them is TEM observing magnified X-ray permeating specimen
and SEM observing the second electron generated by reflected X-ray on surface of
specimen (Fig. 3.1). For observation of inner structure of cell membrane ad lipid
bilayer membrane, freeze-fractured technique is used for preparation of membrane
specimen as a replica (Fig. 3.2).

Electron gun
Accelater
- — Focusing lens

/A /- Specimen __— Polarization coil
i

Syncronizing circuit

Objective lens E X ]

. . Prolectlon lens
&

Fluorescent plate
[il Camera detector

Transmition type (TEM) Scanning type (SEM)

Fig. 3.1 Principles of TEM and SEM observations
Principals for taking magnified image of specimen is illustrated in each electron microscope
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Fig. 3.2 Method of freeze-fractured electron microscopy
Process

1. Specimen(cell, liposome) Freezed at —150 °C

2. Fractured at —110°C under high vacuum

3. Depositing platinum in oblique angle to make shadow
4. Reinforcing by deposition of carbon

5. Preparing replica by melting the specimen

6. Observation of the replica by electron microscope

3.4 Differential Scanning Calorimetry (DSC)

Thermal property is major physical property in biomembrane, and measurement of
thermal property provides useful information of structure and physical property of
samples. Principle of heat-compensation method for DSC is as follows. When
reference and sample are heated by the same electric power, difference of temper-
ature occurs because of difference of specific heat of them. And additional electric
power is supplied to keep the same temperature of them, and the electric power is
measured as excess specific heat (Fig. 3.3). Thermogram of DSC is shown by the
following equation.

Cdiﬁ‘erence = Csample - Crefereence = (Esample - Ereference);vl_]tw = Ediﬂerence . 5_7[*’ where
ffl—{ is rate of temperature increase. When the rate is controlled to be constant, ¢igrence
is proportional t0 Egyyerence and measurement of Cgierence S1VES Caiference Thermal
denaturation of protein is observed by DSC measurement. In case of lipid bilayer,
lipid assembly in aqueous environment shows phase transition by DSC

measurement.
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Fig. 3.3 Principe of DSC measurement

DSC using heat-compensation method has reference and sample cells. When both cells are heated
by the same electric power, difference of temperature occurs because of difference of specific heat
of them. And additional electric power to keep them in same temperature is measured as excess
specific heat

3.5 Measurement of Density, (Dilatometer)

Phase transition with structural change is accompanied with change of various
physical properties. Change of density is observed by a sophisticated vibration
method of Anton Paar DMA/60/602. In the instrument, liquid sample is injected
into glass U tube, and frequency of the U tube is measured by digital circuit. Density
of the sample is obtained by following equation.

T =27 /M“+‘”, where T, k, My, d and v are frequency of free vibration, spring
constant, effective mass of empty U tube, density of sample (liquid or gas) and
volume of vibrating region of the U tube (Fig. 3.4). This equation is converted to
d= Tz—*B, and instrument constants A = @ and B :ikM" are obtained by

A
measurement of known density of air and water at a certain temperature.
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Fig. 3.4 Vibrating dilatometry Anton Paar DMA60/602

Relation between frequency of free vibration and spring constant is shown by Tz27t\/(M0+d' V)/k
Mo: Effective mass of vacant vibration cell

d: Density of air or water to be measured

V: Volume of vibrating part of cell shown as following equations

d=(T2-B)/A

A=412V/k, B=4n2Mo/k

3.6 Magnetic Resonance

When nuclear spin or electron spin is placed in external magnetic field, magnetic
moment generated by its spin interacts with the magnetic field. Classically, compass
indicates angular dependent manner in terrestrial magnetism and finally the compass
directs north-south direction as the lowest energy state. In a case of nuclear spin and
electron spin, their energy states are quantized to discrete energy level. Therefore,
electromagnetic wave resonances with energy equal to difference between high-level
and low-level energy states, and induces transition between these energy levels. The
electromagnetic waves are radio wave and microwave for nuclear magnetic reso-
nance (NMR) and electron magnetic resonance (ESR), respectively.

3.6.1 Electron Magnetic Resonance (ESR)

Electron magnetic resonance is also called electron paramagnetic resonance (EPR),
and initially used for structural analysis of chemical compounds. Spin labeling
method have been developed by use of a unique property of stabilized nitroxide
radical as spin probe [1]. Especially, lipid (fatty acid, cholesterol and phospholipid)
spin probes are introduced for study of biomembranes and successful results are
obtained in measurement of membrane fluidity using order parameter, S [2] and flip-
flop in lipid bilayer membranes using exchange broadening [3]. The study of
membrane fluidity gave an evidence for fluid mosaic model proposed by Singer
and Nicolson [4]. Electron rotating with its negative charge generates magnetic
moment, |, and the magnetic moment quantized to two states (S=+1/2, antiparallel)
and (S=—1/2, parallel) in external magnetic field. An unaired electron takes one of
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Fig. 3.5 Quantization of spins by external magnetic field

Quantum number of electron spin is 1/2 and quantized to anti-parallel or parallel

Electron spin is splitted to different energy levels of parallel (—1/2) and anti-parallel (1/2) by
Zeeman effect when external magnetic field is applied

With external magnetic field
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o m=+1/2
Without magnetic field
GelisBo
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Fig. 3.6 Split of energy level of spin by external magnetic field
Electron spin is splitted to different energy levels of parallel (—1/2) and anti-parallel (1/2) by
Zeeman effect when external magnetic field is applied

the quantized states by Pauli’s exclusion principle (Fig. 3.5). And magnetic moment
is shown by 4 = — y kS, by introducing gyromagnetic ratio y, g-factor and Bohr
magneton f :ze—n/q'c, and the magnetic moment replaced by ¢ = — gfS. And
Hamiltonian=gpH - S, is obtained for along external magnetic field on z-axis.
Energy in parallel is shown by gﬁ(—%) - H and in antiparallel is shown bygp - (—%)
-H (Fig. 3.6). Difference between these energy levels i.e. Zeeman energy is shown by
AE = gf(3)H — gB#(—3) = gfH, and electrons distribute these energy levels
according to Boltzmann distribution. More electrons distribute in lower level, and
radiated microwave AE to this system in resonance condition of iv = gffH makes the
electrons in lower level to jump to upper level by absorbing the energy. And
simultaneously energy transfer to lower level occurs in relaxation process when
applied energy is smaller than certain energy. Difference of electron population is
maintained and ESR signal is observed stationary in this condition. Resonance
condition is determined by a tensor, g-factor. Value of g-factor for free electron is
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2., =2.002319304386. And Magnetic field for resonance is 3400 Gauss (0.34 Tesla)
for applied X-band microwave (9.5 GHz). There are two methods for observing ESR
signal at resonance condition. One is changing wavelength of microwave at constant
magnetic field and another is sweeping magnetic field at constant microwave. Most
of ESR machines adopt sweeping magnetic field method.

Stabilized nitroxide radicals are used as spin probes in spin labeling, and electron
spin of radical is spitted by hyperfine interaction (S+ T+ I) with quantized nuclear
spin of nitrogen atom (I=—1, 0 and +1) (Fig. 3.7). The hyperfine interaction results
in three absorption peaks on ESR spectrum, and position of resonance absorption
and distance among three absorption lines on ESR spectrum are determined by
g-factor and T-tensor, respectively. And there is anisotropy caused by direction of
molecular axis because of localization of radical electron on rmorbital of nitrogen
atom. When z-axis and x-axis are applied to direction of morbital and direction of
N-O bond in molecular axis respectively. Anisotropic ESR spectra are obtained at
9.2 GHz microwave for each direction of applied magnetic field (Fig. 3.8).

3.6.1.1 Order Parameter, S

In spin probes of stearic acid and phosphatidylcholine, z-axis of the nitroxide
radicals coincide major axis of the molecules (Fig. 3.9). Molecular motion of these
molecules in lipid bilayers of biomembranes appears on ESR spectrum affected by
anisotropy of g-factor and T-tensor. When Z-axis of laboratory coordinate (X,Y,Z) is
applied to z-axis of molecular coordinate (X, y, z), each direction cosine of Z-axis
becomes cosa, cosp and cosy. In this case, ESR spectrum is obtained as time
averaged values of g-tensor and T-tensor in transformation from (X, y, z) coordinate
system to (X,Y,Z) coordinate system. And relation between these coordinate sys-
tems is shown by following equations.

gzz = cos?ag,, + cos ﬂzgyy + cosy?g,,
Tzz = cos?a Ty + cos?f Ty, + cosy> T,

Lipid spin probes in lipid bilayers are arranged their long axis in parallel.
Averaged ensemble of the lipid probes indicates an orientated axis toward certain
direction. When Z-axis of laboratory (X, Y, Z) coordinate system is applied to this
direction, time averaged g-tensor and T-tensor for rotational motion around Z-axis
becomes constant. Consequently, principle values of these tensors become axial
symmetry and principle value parallel to Z-axis, g// and T//, and perpendicular to
Z-axis, g1 and T L, respectively are shown by following equations.

g// = cos?a - g, + cos?f - g, + cos?y - g,
T// = cos?a - Ty + cos?f - Ty, + cos?y - T,

gl =(1— cos?a)g,, + (1 — coszﬂ)g},y + (1 — cos?y)g..
TL = (1 — cos?a)Ty + (1 — cos?f) Ty, + (1 — cos?y)T,
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Fig. 3.7 Hyperfine
interaction of NO
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Fig. 3.8 ESR spectrum of
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Fig. 3.9 Lipid spin probes
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Fig. 3.10 ESR spectrum 2T/
Values of 2T|| and 2T L for :
order parameters of axial 2Tl

—
H '

symmetric rotation are
obtained in ESR spectrum

Figure 3.10 shows a typical ESR spectrum of stearic acid spin probe in lipid
bilayer membranes. Order parameter, S, is defined as following equation by use of
T, = T,, in a case of nitroxide radical.

T//-1

b= Ty — (Txx + Tyy)

=3(cos?y) — 1

S, varies from —% to 1 and the value shows angular range of averaged molecular
motion of nitroxide radical. Small value of S,, shows isotropic motion of nitroxide
radical and the motion can be approximated as a motion of sphere (radius =r). And
Einstein‘s relation, 7¢ = 4,1’—;3;1 is applied to this Brownian motion. This equation
shows relationship between viscosity 1 and rotational correlation time tc And
following equations are derived from theory of line width, AH of ESR spectrum
and the correlation time, Tc.

AH=1-(A+B -m+C- mz), where ‘m’ is quantum number of nucleus, and A, B
and C are constant. It becomes possible to obtain viscosity of lipid bilayer membrane

and biomembranes by use of spin probe. Real equation to obtain viscosity is z¢

= (1 — M) ;”gﬂﬂ where h(m) are height and width of each peak, respectively.

h(m) ) h(cym—com?)

167|p|H 8u T8y
=— 2 (T, — Ty 2 oW
C1 454 ( 4 ) g~z 2

3.6.1.2 TEMPO Parameter

TEMPO (2,2,6,6,-tetramethylpiperidine-1-oxyl) is small molecular weight and vol-
atile spin probe. When TEMPO is added to biomembranes or dispersion of lipid
membranes, the probes are partitioned between aqueous phase and lipid phase of the
membranes (Fig. 3.11). Rapid motion of TEMPO averages hyperfine splitting to
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Fig. 3.11 TEMPO
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vale becomes 15.6 G in aqueous phase because dipolar moment of water molecule
changes N-O to polar type. Consequently, separated ESR signal of TEMPO is
observed. Partition between aqueous phase and depend on phase transition as well
as temperature change. Therefore TEMPO is used to study phase behavior such as
phase transition and phase separation [5]. TEMPO parameter depends on polarity
around nitroxide radical which generates ESR signal. And measurement of the
separated peaks H and P are used to obtain TEMPO parameter. Height of each
peak H and P corresponds to content of TEMPO spin probe in hydrophobic
environment and polar environment, respectively. Phase behavior of lipid mem-
branes is experimentally realized on change of TEMPO parameter. Partition coeffi-
cient of TEMPO spin probe between lipid phase and aqueous phase. The partition
coefficient, k is shown in following equation.
k — [C] in lipid bilayef
C]

in ageous phase
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Therefore total TEMPO spin probe in lipid phase=[Cl;y 1ipid phase - volume of lipid
phase and total TEMPO spin probe in aqueous phase=[Cli, aqueous phase - VOlume of
aqueous phase.

3.6.1.3 Spin-Spin Exchange Interaction

Effect of spin-pin exchange interaction between different electron spins appears on
ESR spectrum as concentration of spin probe in a sample increases. Hamiltonian of
this effect is shown by J;;S;; where J;; is exchange integration between interacting
radicals, i and j [6, 7]. The effect appears in widening of ESR spectrum while effect
of the interaction is small. Experimentally, the effect appeared on ESR spectrum is
digitalized aso parameter. And relation between spin probe concentration ando
parameter is obtained (Fig. 3.12). And relation between distributions of spin probes
as ESR spectrum is schematically shown (Fig. 3.13). This technique is used for
measurement of lateral diffusion of lipid spin probe in lipid membranes [7] and
measurement of phase separation of acidic phospholipid by calcium ions [8]. This
technique is also used for measurement of membrane fusion between virus mem-
brane and host cell and membrane fusion of various systems. Decrease of spin-spin
exchange is observed in membrane fusion caused by dilution of spin probes. On the
other hand, increase of spin-spin exchange is observed in phase separation caused by
increase of local concentration of spin probes.

Spin-spin exchange interaction is an effect of quantum mechanics, and overlap of
wave function increases or decreases energy of the system Hamiltonian of nitroxide
radical in spin labeling method is shown as following equations.

H = |ﬁ‘SgH0+hS -1+ |_ﬁN|I'gN 'H0+Hexchange +Hdipole

(Tyxs Tyy> T,)=(5.8, 5.8, 30.8) Gauss
(Exxs Syyr 222)=(2.0089, 2.0058, 2.0021)

In the equation, term of spin-spin exchange interaction is shown as
Hexchange = — 22 < J;5:S; where J; is exchange integration of interacting unpaired
electron i and j. Introducing wave function, ¥; and ¥; for unpaired electrons i and j,
respectively, the equation becomes J; = ['W;(i)¥;()) (f—) W, (j)¥,(i)dz;dr jwhere |

2

ij
ryl is distance between i electron and j electron. Line width, Aveccpange 0f ESR
spectrum is defined as distance between the maximum and the minimum of first

differential of ESR spectrum under condition of exchange broadening. And
(aH)?
Wexz'hmxge
under condition of exchange narrowing. Exchange frequency for fixed radicals is
Wexchange = Vencounter * P where Vencounter and p are encounter frequency and
probability of exchange for each encounter, respectively. This exchange interaction
is used for measurement of lateral diffusion of lipid molecules [6, 7]. The measure-
ment is carried out by use of spin probe of cholesterol analogue (concentration rage

AVerchange = 2Wexchange 18 obtained. On the other hand, Aoyang = is obtained
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Fig. 3.13 Distribution of spin probes and ESR spectrum

ESR spectrum is broadened by spin-spin exchange interaction when local concentration of spin
probe is high, and a-parameter shows smaller value. Therefore, a-parameter becomes good
indication of phase separation and molecular diffusion

from ¢ = 0.01 to ¢ = 0.27) at temperature range from 18 °C to 55 °C in model
membranes of dipalmitoylphosphatidylcholine (DPPC). Exchange frequency of
spin-spin exchange interaction between androstane spin probes, W, is shown as

Vexchange

We = ﬁ And Vencounter = =5 is calculated uSing Ve,counser Obtained from ESR
spectrum. Consequently, diffusion constant, Do 1S obtained from following
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. . D ifpusion L. .
equation Veycounter = 2d. (1‘?)%% where d., F, 0 and A are effective interaction

diameter of radical, area of molecule, geometrical factor and distance of one jump,
respectively. In spin labeling method, several types of spin probes are synthesized
for each purpose of study [9]. Synthesis method using phospholipase D which can
replace polar head of phospholipid is developed for phosphatidylserine and phos-
phatidic acid spin probes [10].

3.6.2 Nuclear Magnetic Resonance (NMR)

NMR is one of magnetic resonance method as same as ESR. Felix Bloch and Edward
M. Purcell and Nicolass Bloembergen independently succeeded in observation of
nuclear resonance in solid or liquid molecule in 1945. Theory of NMR can be
understood by replacing electron spin with nuclear spin. Atomic nucleus with neither
even atomic number nor mass number has non-zero nuclear spin quantum number I
and magnetic dipole moment, and it is assumed as a small magnet. Applying external
magnetic field, the small magnet shows 21 +1 split of energy levels proportional to
strength of the magnetic field by Zeeman Effect. The separated levels have a constant
difference of energy. When radiated energy is equal to the difference (AE=hv),
absorption of nuclear magnetic resonance is observed. Actuary, atomic nucleus is in
molecular structure and the difference of energy level is affected by chemical
environment. The change of resonance condition appears on NMR spectrum, and
it is called’ chemical shift’. The information of chemical shift gives knowledge of
chemical structure of atom. "H-NMR for nuclear spin of 1/2 is mostly used and '
C-NMR is also used for molecules containing carbon atoms because of large
chemical shift. >'P-NMR is used for biomembranes because phospholipid is a
major component of biomembranes. In addition, 5N, 19F and 2°Si atoms are also
used for NMR because these atoms have nuclear spin of 1/2. Development of
magnetic resonance technique enables various applications and introduction of
superconductive magnet improves resolution of measurement because of increase
of magnetic intensity. And it becomes possible to analyze three-dimensional
soluble structure of protein by use of double resonance method and Overhauser
effect estimation of distance between atoms. MRI (Magnetic Resonance Imaging)
using gradient magnetic field is most useful for medical diagnosis becomes pop-
ular. Development of FT-NMR plays a significant role for MRI. Pulse of electro-
magnetic wave is radiated to nuclear spins in constant magnetic field in FT-NMR.
The pulse covers a range of wavelength because of the uncertainty principle and
nuclear spins having chemical shifts in this range make Larmor precession and
generate FID (Free Induction Decay) signals. And these signals are Fourier
transformed to NMR spectrum. The time for obtaining the spectrum is short and
accumulation of repeated measurements improves S/N ratio.
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3.6.3 Magnetic Resonance Imaging (MRI)

Paul C. Lauterbur and Peter Mansfield received Nobel Prize in Physiology or
Medicine for discoveries concerning magnetic resonance imaging in 2003, which
shows that physics contributes fields of biology and medical science, and a good
example of contribution of biophysics to human welfare. MRI method is based on
following principle. Water molecules occupy more than 60 % in total weight of the
body, and each tissue contains water molecules, i.e. hydrogen atoms. Differences of
hydrogen concentration (spin density, p), spin—lattice relaxation time (7'7) and spin—
spin relaxation time (72) among tissues of human body. In addition to the differences
of these values among the tissues, there is difference of these values between normal
tissues and abnormal tissues. MRI uses the differences appeared in the NMR signal
and makes image of the NMR signal by use of gradient magnetic field of Lauterbur’s
idea. Bottomley and his colleagues improved NMR image exceeding X-ray CT
image in 1983, and NMR becomes practically realized in clinical application. The
difference of relaxation times and positional information obtained from gradient of
magnetic field are used for information of imaging in MRI. Gradient of magnetic
fields are formed by gradient coils along directions of x-axis, y-axis and z-axis.
Frequency of applied pulse of radio wave, v, is made resonance under condition
of AE = hyy = gnpnHy and the resonance occurs at position of external magnetic
field intensity, H,. And so NMR signal and positional information are obtained
simultaneously, where gy and By are g-value and nuclear magneton of atomic
nucleus, respectively. On the other hand, values of spin-lattice relaxation time (77)
and spin-spin relaxation time (72) in relaxation process are used for imaging
information. These relaxation times are defined by Bloch’s equation as follows.
Temporal change of magnetization along z-axis, i.e. spin-lattice relaxation, T/ is
relaxation process of spin system to equilibrium magnetization M, and diagonal
elements of density matrix transfer to Boltzmann distribution, which is shown as
following equation. d%‘ =— MZ;IM".

Temporal change along x-axis and temporal change along y-axis (spin-spin
relaxation time (72) is process of off-diagonal elements of density matrix transfer-

ring to zero which is shown as following equations.
aM, _ _dM,  dM,

di T,  T»

Schematic illustration of MRI is shown in Fig. 3.14.

Spin is degree of freedom and atomic nucleus with electric charge generates
magnetic moment. Therefore, each spin takes precession around magnetic field Hy at
frequency under condition ofy, = % Magnetic field pulse of Larmor frequency is
applied from lateral direction in pulse method. And magnetic field pulse HI of same
phase is applied duration time ¢ from x-axis direction in rotating reference frame (
Vo = %, rotating around z-axis). Direction of magnetic field pulse H/ is constant in
the rotating reference frame, and spin takes precession at angular velocity of y HI
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Fig. 3.14 Schematic illustration of MRI

Human body on driving bed is located among superconducting magnet and various coils. Informa-
tion from various positions in the body are detected as T1 and T2 signals for construction of three-
dimensional image

under magnetic field H/. Duration of the pulse is obtained from equationy HIt =5
to rotate spin 90 degree and duration of the pulse is obtained from equation

y HIt = n. Processes of spin-lattice relaxation and spin-spin relaxation are shown
in Fig. 3.15.

3.7 Fluorescence Method

Fluorescence is widely used in fluorescence antibody technique in biological science
field. Antibody is labeled with fluorescence dye and the labeled antibody binds
antigen specifically, and so localization of the molecule can be observed by fluores-
cence microscope. GFP(Green Fluorescent Protein) gene is cloned from Aequorea
aequorea by Dr. Osamu Shimomura. The GFP gene is fused with specific gene and
expression of the protein and localization can be observed by fluorescence micro-
scope. Fluorescence dye is excited by excitation light, and so its emission can be
observed at high sensitivity. Now it becomes possible to observe one molecule of
fluorescence dye by reducing back ground light.



3.7 Fluorescence Method 45

A—— Total magnetization
Thermal equilibrium g

Y Radiowave 80 pulse Non-thermal equilibrium state

5 i)
/ "
z
Spin-latice relaxation process £
Recovery of magnetization in T1 Spin-spin relaxation process

Disappear of magnetization in T2
¥

y
X
Fig. 3.15 Processes of spin-lattice relaxation and spin-spin relaxation
Spin-lattice relaxation time (T1) and spin-spin relaxation time (T2) are defined by Bloch’s equation.
Temporal change of magnetization along z-axis, T1 is relaxation process of spin system to
equilibrium magnetization MO and diagonal elements of density matrix transfer to Boltzmann

distribution. Each temporal change along x-axis and y-axis (T2) is process of off-diagonal elements
of density matrix transferring to zero

3.7.1 Fluorescence Polarization Anisotropy

Fluorescence polarization anisotropy is a method used for measuring various phys-
ical properties in membranes such as phase transition and membrane fluidity (vis-
cosity) in biomembranes and lipid bilayer membranes by fluorescence molecule as a
probe. Fluorescence molecule excited by polarized light emits polarized light.
Rotational motion of the fluorescence molecule affects direction of the polarized
emission light. And the change of emission light is observed by horizontal and
vertical polarizer. Fluorescence polarization anisotropy, r is calculated by following

equation.
— Iw-Ivu-G ; ; ; H
r= S s where Iy and Iy are fluorescence intensity of polarized light

parallel to incident polarized light and fluorescence intensity of polarized light
vertical to incident polarized light, respectively. Correction factor of polarizer for

Igygand Iyy, G = 1%, is introduced in the equation (Fig. 3.16).

Quantum yield, ¢ and fluorescence lifetimet are defined by rate constants in

losing processes of excited energy.
__ ketkisctko|Ql+ker = 1
Y= kr > T kptkictkisc ko Q] +ker

rate constants of fluorescence, internal conversion (S1—ground state), intersystem
crossing (S1—triplet state, T), quenching and energy transfer, respectively.

, where kp, k[c, kISC’ kQ and kET are
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Fig. 3.16 Arrangement of optical system for measurement of fluorescence polarization
anisotropy, r

Polarization light ((Iyy) and fluorescence intensity of horizontal polarized light (Iyy) are measured.
And r is calculated by above equation. G is instrument constant for correction of sensitivity
difference between vertical polarized light and horizontal polarized light

Relationship between fluorescence anisotropy, r and rotational correlation time p

is shown in Perrin-Weber equation, 1 = ﬁ where 7y, and p are r values of
ro =
,7

fluorescence life time and rotational correlation time of molecule at 0 K, respec-
tively. If fluorescence lifetime is obtained by such as pulse excitation method,
rotational correlation time p can be calculated using the above equation. By use of
Einstein’s relationship, p = %n where p, r, k, T and 7 are rotational correlation
time, radius of fluorescence probe, Boltzmann constant, absolute temperature and
local viscosity, respectively. And local viscosity is obtained by introducing rota-
tional correlation time. Stokes-Einstein equation among diffusion constant, D,
viscosity of solvent, n and radius of fluoresce probe, R is shown as D = Gﬁ%
where p, k, 1, T and are rotational correlation time, Boltzmann constant, local
viscosity of solvent, absolute temperature and radius of fluorescence probe, respec-
tively. Therefore, diffusion constant of fluorescence probe is obtained in above
procedure.

Fluorescence probe DPH (1,6-diphenyl-1,3,5-hexatriene) is widely used for
measurement of fluorescence polarization anisotropy (Fig. 3.17).

However, it is not easy to estimate radius of fluorescence probe because its shape
affects the molecular structure. Therefore, fluorescence photo-bleaching recovery
(FPR) is used for measurement of lateral diffusion of a molecule in membranes.
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Fig. 3.17 Structure of DPH and orientation in lipid bilayer membrane

DPH (1,6-diphenyl-1,3,5-hexatriene) is located vertically to membrane surface in hydrophobic
region of lipid bilayer membrane. Maximum excitation peak is at 359 nm and maximum emission
peak is at 426 nm

3.7.2 Fluorescence Photo-Bleaching Recovery (FPR)

Photo-bleaching recovery is developed for method to obtain diffusion constant
directly [11]. Molecule labeled with fluorescence dye on cell membrane is observed
by fluorescence microscope with weak laser light, and then photo-bleached by strong
laser beam. After then the molecules with fluorescence dyes diffusing into the
bleached spot from area surround the spot is observed with weak laser light for
excitation. Diffusion constant of the molecule labeled with fluorescence dye is
obtained by this temporal observation of inlet molecules. Assuming quenching
process of fluorescence dye is proportional to rate constant ol(r) of simple
non-reversible linear reaction, concentration change of fluorescence dye of
unbleached ones under condition of no transportation is shown as dcl(ir D= _ql (r)c
(r,t) where al(r), r and ¢ are intensity of bleaching light at position r, position and
time of observation, respectively. Differential equation of one species of molecule

transported laterally is shown as ac(' )= DV2e(r,1) — Vo [SL:’)} where D and Vj

are diffusion constant and velocity of homogenous flow of x-direction, respectively.
Solution of this differential equation under boundary condition c(co, f) = C (homo-
geneous distribution of fluorescence dye) and initial condition ¢
(r,0) = Cy exp [—aTlI(r)]: is made curve fitting to process of fluorescence recovery
to obtain diffusion constant.
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3.7.3 Fluorescence Resonance Energy Transfer (FRET)

When there are two species of fluorescence molecules, one molecule (Donor: D*)
emits by excitation and another molecule (Acceptor: A) is excited by accepting the
emitted light and then emits fluorescence light. This phenomenon is called fluores-
cence resonance energy transfer. The donor molecule returns to ground state by
releasing energy and the acceptor molecule is raised to excited state. The FRET
depends on distance between donor and acceptor and information of inter molecular
distance is obtained by FRET. And efficiency of FRET also depends on overlap
between emission spectrum of donor and absorption spectrum of acceptor and
relative spacial arrangement of emission dipole moment of donor and absorption
dipole moment o/f acceptor. Efficiency of FRET, E is defined as

/

T F e

E=1--2=1-=L where ©p, tp, Fp and FD are fluorescence life time of
D Fp

donor in presence and absence of donor, fluorescence intensity of donor in presence

and absence of acceptor, respectively. Dependency of FRET efficiency on distance
between donor and accept in the mechanism of dipole-dipole interaction is sown as
E = —!1—, where R is Forster-distance which is obtained by overlap integral of

1+ (%)

emission spectrum and absorption spectrum, and Ry is a value at efficiency of 50%.

3.7.4 Microscopic Imaging of Physical Property
of Biomembranes

Using unique property of environment sensitive fluorescence dye, Laurdan, micro-
scopic imaging system observing physical property of lipid bilayer membranes and
biological membranes is developed in the author’s laboratory. Cell, an essential unit
of life on the earth is compartmented by biomembranes and concerted mechanism
generates various biological functions. Therefore, it is required to investigate tem-
poral and spatial change of cellular system of biomembranes to elucidate biological
functions of the cell. Method observing real-time image under microscope is widely
developed. The author and colleagues have developed real-time microscopic imag-
ing system for physical property of lipid membranes [12]. Environment sensitive
fluorescence dye, Laurdan contains lauryl acid in its structure as shown in Fig. 3.18.
Laurdan is easily incorporated into lipid membranes and cell membranes by its
hydrophobic region. Emission wave length depends on polarity of solvent. Wave-
length of emission peak is 440 nm when there is not penetrated water molecules in
gel phase of lipid membranes. On the other hand, the emission peak shifts to 490 nm
by solvent relaxation when water molecules penetrate in fluid phase. This change
is made quantification by GP (Generalized Polarization) value [13]. It is defined as

GP = W where 440 nm and Loo nm are fluorescence intensity at 440 nm
nm m
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Fig. 3.18 Chemical structure of Laurdan

Environment sensitive fluorescence dye Laurdan (6-dodecanoyl-2-dimethylaminonaphtalene) is
synthesized for purpose of charge separation at excited state. And lauric acid is coupled with it
for easy partition in lipid membrane
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Fig. 3.19 Temperature change of emission spectrum of Laurdan in DPPC membranes

DPPC has its phase transition at 42 °C. Wavelength of laurdan shifts from 440 nm in gel phase to
490 nm in fluid phase because penetrated water molecules in fluid phase make solvent relaxation of
emission light

and 490 nm, respectively. Figure 3.19 shows typical change of emission spectrum of
Laurdan incorporated in bilayer membranes of dipalmitoylphosphatidylcholine
(DPPC) from gel phase to fluid phase. Microscopic imaging of GP value at real
time is developed as dual imaging optical unit using dichromic mirror and band pass
filters. Fluorescence lights of 440 nm and 490 nm are separated in this optical system
and focused on light receiving surface of CCD camera side by side (Fig. 3.20). The
440 nm image and 490 nm images are focused on the light receiving surface of cooled-
CCD camera simultaneously, and so time resolution depends on performance of
camera. And recorded 440 nm and 490 nm images are superimposed by use of affine
transformation and reference image of lattice for calculation of GP value at every pixel
of the image. To examine the quality of this instrument, this instrument is applied to
observation of G.P. image of a giant liposomes composed of binary mixture of
dimyristoylphosphatidylcholine DMPC and dimyristoylphosphatidylethanolamine
DMPE (1:1) at video rate. Phase transition temperature of these phospholipids are
23 °C and 49 °C, respectively. And phase separation is clearly shown as the regions of
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Fig. 3.20 GP imaging
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different membrane fluidity. Hinge part of high fluidity indicates DMPC rich region
and straight part of low fluidity indicates DMPE rich region (Fig. 3.21).

3.7.5 Optical Microscopy Using Evanescent-Field

In the preceding sections, methodologies that enable visualization of the physical
properties, eg., fluidity of biomembranes are presented. In this section, a method for
visualization of the phenomena occurring at the glass-water interface, where cultured
cells are bound or molecules in the solution interact with molecules bound to the
interface. Figure 3.22a shows the generation of an evanescent wave, a form of near-
field illumination. A laser beam which is incident upon the interface of glass and
water with the incident angle equal to or larger than the angle called critical angle
(~61 degrees), is totally internally reflected, which is accompanied by a generation at
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Fig. 3.21 Real time GP imaging of giant liposome of DMPC/DMPE binary mixture

Giant liposome of DMPC/DPPC (1:1) binary mixture was prepared by gentle hydration method in
aqueous solution containing 2 mM CaCl,.The liposome was observed by GP imaging microscopic
instrument in changing temperature

Video is available. (with kind permission of © Kazuo Ohki 2005. All Rights Reserved)

the interface of evanescent wave with the same wavelength as the incident light
[14]. The evanescent wave exponentially decays with a characteristic decay length of
~100 nm [15]. Hence, the evanescent wave illuminates the thin region relatively
close to the surface, as compared with the epi-illumination, where the light goes
deeply into the water phase (Panel b). As a result, the number of fluorophores excited
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Fig. 3.22 Panel A, principle of evanescent-wave excitation at the glass-water interface. The laser
beam of an appropriate wavelength (eg., 532 nm (green) to excite a fluorophore like rhodamine) is
incident on the glass-water interface with the incidence angle equal to or larger than the critical
angle (~61 degrees, in the case of glass-water interface), is totally reflected and creates the
evanescent wave at the interface. The evanescent wave exponentially decays with the characteristic
decay length of ~100 nm. Hence it only excites fluorophores located near the interface and enables
the low background fluorescence. Panel B, the feature of the epi-fluorescence excitation is sche-
matically compared with that of the evanescent-wave excitation. As described above,
epi-fluorescence illumination penetrates deeply into the water phase whereas the evanescent-
wave localizes as a thin layer, in which the intensity exponentially decays. Panel C, an example
of the implementation of the evanescent-wave excitation in an inverted epi-fluorescence micro-
scope. A horizontally oriented laser beam is introduced into a coverslip through a rectangular prism.
This allows the beam to totally internally reflecting multiple times and the evanescent-wave created
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by the evanescent-wave illumination is far less than those excited by the epi-
fluorescence illumination. This and other types of near-field illumination have
been proposed [16]. This feature was later combined with high-sensitivity imaging
technique to visualize behavior of fluorescently labeled ATP molecules on the
myosin molecule attached to glass surface [17]. Figure 3.22c shows an example of
the implementation of the evanescent excitation in an inverted epi-fluorescence
microscope. The laser beam used for the evanescent excitation is introduced into
the coverslip by an optically coupled rectangular prism. The multiple total internal
reflections of the laser beam creates evanescent wave at many locations. The cell in
the spot can be visualized both in the epifluorescence and evanescent-wave excited
fluorescence modes. The left panel of Fig. 3.22d shows an epi-fluorescence image of
a cell in which actin filaments were labeled with a fluorophore, rthodamine. A
number of actin filaments run within the whole cell body and peripheral membra-
nous protrusion, lamellipodia (black and white arrows). On the other hand, under the
evanescent-wave illumination (the right panel of Fig. 3.22d), actin filaments (eg.,
white arrow pointing as the same filament as in the left panel) in lamellipodia are
visible, whereas those in the cell body are visible to a much less extent. This is
interpreted as that in the central region of the cell the filaments reside far from the
interface, where the evanescent illumination is weak due to the decay. Thus, with the
evanescent-wave excitation one can estimate how far the intracellular structure is
located from the glass-water interface. A drawback, as compared with the laser
scanning confocal microscopy, is the difficulty in the quantitation of the separation.
However, in some cases, the separation of the distance between the bottom surface of
the cell and the glass surface has been successfully estimated [18, 19]. In these cases,
the geometrically simple configuration of the system (eg., the cell adhered to a flat
surface) enabled the quantitative estimation of the separation. This method has been
also applied to observe the process of exocytosis [20]. Another feature of the
evanescent wave is that the polarization of the excitation is uniquely defined. With
this feature one can obtain the information about the orientation of the emission
dipole of the fluorophore near or at the interface [21, 22].

<
«

Fig. 3.22 (continued) at the position of the cell illuminate the ventral (lower) surface of the cell. The
emitted fluorescence is collected by the objective (either water immersion or air) and received by the
cooled CCD camera. The acquired image is stored on the computer for later analysis. The same
system is also used to perform the epi-fluorescence microscopy. Panel D, comparison of the
epi-fluorescence image and the evanescent-wave exited fluorescence image of a cell labeled for
actin filaments with thodamine. The Nd-Y AG laser (wavelength = 532 nm) and a mercury-arc lamp
(wavelength was selected by an optical filter to be 546 nm) were used as light sources. As described
in the text, actin filaments in the cell body are visible by the epi-fluorescence mode (black arrow in
the left panel), while the peripheral actin filament bundles (white arrows in both panels) are visible
by the evanescent-wave excitation (images taken by Yosuke Senju, Department of Physics, Tohoku
University)
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3.8 Positron Emission Tomography (PET)

Using property of positron, PET is used for medical diagnosis for detecting position
of cancer cell on image of human body. Pair annihilation of positron occurs with
external electron such as valence electron, conduction electron and so on, and then
radiates ray of 2.43 pm as two photons in counter directions each other. Mass of
electron and positron is conserved during the pair annihilation and its energy is
511 keV which is rest mass of electron (Fig. 3.23). Water molecules occupy more
than 60 % in total weight of human body and pair annihilation occurs between
positron and electron of water molecule. PET has detectors arranged on circle for y
ray from the pair annihilation. When two detectors detect ray at the same time,
position of the pair annihilation is identified as middle point of both detectors
(Fig. 3.24). This information is processed by use of computer and reconstituted on
three- dimensional image. For medical diagnosis in PET imaging, nucleus of
positron release should be generated by synchrotron. Half- life of nucleus releasing
positron is order of minutes and synchrotron is located near PET. e, 13N, 150 and
'8F are used for PET as nucleus species releasing positron, and their half-life time are
20 min, 10 min, 2 min and 110 min, respectively. The process of decay in ''C is
shown as follows. For PET imaging diagnosis of cancer, glucose analogue, '°F-
fluorodeoxy glucose (FDQG) is used because cancer cells are very active for cell
division and require much energy from glucose. And FDG s gathering around cancer
cells are detected by PET and the position is identified in three dimensional image.
However, the resolution is about 5 mm because negative factors such as flying
distance of positron and angular fluctuation.

3.9 Optical trapping

With the progress of biology, a number of techniques have been developed that
allow researchers to measure the force developed by the cell and to manipulate
cellular objects and even molecules. For this purpose, a glass needle has long been
used to measure the forces accompanying the advancement of cells [23] and even
single actomyosin motor forces [24]. Atomic-force microscopy was applied to
measure the force driving the advancement of keratocyte [25]. All these techniques
utilize the precise positioning and optical measurement of the location of needle-like
probes with microscope or split photodiode. The range of the force was roughly from
10 nN down to 1072 nN. Another technique is the optical trapping. This technique
emerged from the technique of manipulation of a single atom by strongly focused
laser beams [26, 27]. Later, the possibility was shown to manipulate microscopic
objects with a single laser beam [28]. As schematically shown in Fig. 3.25, the forces
arise when a pair of rays of the incident light beam is refracted and reflected by the
sphere, which has a refractive index higher than the surrounding medium (eg.,
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Fig. 3.23 Process of positron decay and pair annihilation
Water molecules occupy more than 60% in total weight of human body and pair annihilation occurs
between positron and electron of water molecule
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Fig. 3.24 Scheme of PET

Human body injected by positron detection nuclide is placed within detector ring. PET has detectors
arranged on circle for y-ray from the pair annihilation. When two detectors detect y-ray at the same
time, and position of the pair annihilation is identified as middle point of both detectors

polystyrene sphere in water) and a diameter much larger than the wavelength of the
light beam. The light beam is converged by the lens with high numerical aperture
(a microscope objective lens with NA = 1.3 is often used). When the center of the
sphere moves on the optical axis off the focal point of the lens, the ray refracted by
the sphere will exert a force on the sphere that is toward the focal point; when the
center of the sphere becomes off-axis, the force is also directed toward the focal
point. Hence, the force exerted by the light beam is a restoring force that pulls the
sphere to the focal point; the magnitude of the force is approximately proportional to
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Fig. 3.25 Optical trapping

Panel A, an explanation of the generation of optical force based on the geometrical optics (Ashkin,
1992). When the center of a bead (sufficiently larger than the wavelength of the laser beam and with
refractive index larger than the surrounding medium) is on the beam axis (position *“1”), the beam is
refracted axisymmetrically by the bead. The refraction of the light causes the change in the
momentum of the photon by the bead. Hence, the bead will receive recoil from the photon. In
this case, all forces from peripheral beams sum up to become a pulling force toward the lens. This
force is balanced by the optical pressure from the incident beams. When the bead center is shifted to
the position “2”, the direction of the refracted beams is changed and as a result, the sum of the force
is directed toward the position “1”. Thus, the optical trapping exert a restoring force on the trapped
object. The amount of the force is proportional to the shift of the bead.

Panel B, left, a phase-contrast image of a 1 pm polystyrene bead trapped in the optical trap created
by the focused infra-red laser beam (wavelength = 1064 nm); right, a three-dimensional plot of the
intensity of the phase-contrast image of the bead. Panel C, X-Y distribution of the bead in the trap
potential. Note the axisymmetrical distribution of the bead center. The number of the points that
exist between R and R + AR, where R denotes the distance from the center of the trap and AR is the
increment of R, was counted and was transformed into the probability density distribution, p(R).
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the distance between the bead center and the focal point [28, 29]. Thus, the restoring
force, F, has characteristics of a spring: F = kx, where k and x is the stiffness (spring
constant) and the amount of the shift of the sphere. Hence, if one can measure k and
x, one will know the magnitude of the force exerted on the sphere. Theoretical
calculations of the stiffness have been presented [28-31] and an example of the
experimental method to estimate the stiffness is given in Fig. 3.25.

With the above feature, the optical trapping technique has been widely used to
measure, for example, the force developed by a single motor force or protrusive
force of the cell edge (ie., lamellipodium). By utilizing infra-red laser beam, one can
manipulate intracellular objects, because the cell membrane is relatively transparent
to the infra-red laser beam [32]. Another advantage is that if the light is split by a
polarization beam splitter and each light is focused at two different focal points
separately, one can hold two objects at each focal point. The ability to separately
change the direction of the beam by two independent reflecting mirrors will enable
further applications. Some applications of the optical trapping are presented in
Chap. 7.

3.10 Outlook of Molecular Dynamics

Nobel Prizes in Chemistry for 2013 were awarded to Martin Karplus, Michael Levitt
and Arieh Warshel [33] for the development of multiscale models for complex
chemical systems. Chemists used to create models of molecules using plastic balls
and sticks. Today, the modelling is carried out in computers. In the 1970s, Martin
Karplus, Michael Levitt and Arieh Warshel laid the foundation for the powerful
programs that are used to understand and predict chemical processes. Computer
models mirroring real life have become crucial for most advances made in chemistry
today. For instance, in simulations of how a drug couples to its target protein in the
body, the computer performs quantum theoretical calculations on those atoms in the
target protein that interact with the drug. Today the computer is just as important a
tool for chemists as the test tube. Simulations are so realistic that they predict the
outcome of traditional experiments.

<
Y

Fig. 3.25 (continued) Panel D, an example of the plot of p(R). Panel E, the potential of the trap and
the trap stiffness deduced from p(R), assuming that the density distribution obeyed the Boltzmann
distribution. In fact, the potential was approximated with quadratic function of R (x in the figure),
which implied the force exerted on the trapped bead was indeed spring-like (force is calculated from
the product of the stiffness of the trap and R). In this instance the stiffness was deduced to be
~0.01 pN/nm
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Chapter 4 )
Structure and Physical Properties s
of Biomembranes

Abstract Biological functions of biomembranes are closely related to their struc-
tures and physical properties because most of membrane functions require lipid
bilayer membranes. The lipid bilayer membranes are composed of a lot of number of
lipid molecules, proteins and other constituents. These molecules make statistical
assembly and show phase transition and phase separation. And change of these
physical properties including membrane fluidity affect and regulate biological func-
tions of biomembranes.

4.1 Structure of Biomembranes

Cell is an essential unit of life and composed of various biomembranes. Major
components of the biomembranes are proteins and lipids. These components were
obtained in early study of cells, but structure of the biomembranes was not eluci-
dated long time. Some models of biomembranes were proposed before fluid mosaic
model proposed by Singer and Nicolson. The model has shown basic concept of
biomembranes which is widely accepted as a standard model of biomembranes [1]
(Fig. 4.1). They used preceding studies related to membrane structure in addition to
their own freeze- fractured study of red blood cell membranes. The preceding studies
are calculation of free energy in theory of hydrophobic effect [2], phase transition of
cell membrane and extracted lipids measured by DSC, which shows lipid molecules
form statistical assembly in cell membranes [3]. X- ray diffraction pattern of neuron
membranes showed structure with 40 angstroms thickness [4]. Axial rotation [5] and
flip-flop [6] of lipid spin probes in lipid bilayer membranes were observed by ESR.
Using fluorescence antibody and cell fusion by Sendai virus, lateral diffusion of
histocompatibility antigens on cell membranes was observed by fluorescence micro-
scope [7]. There are other studies using freeze-fractured electron microscopy [8, 9]
and particles in the fractured surface of biomembrane were proved to be proteins
[10]. Two types of membrane proteins were introduced in the fluid mosaic mem-
brane model. One is peripheral protein which is defined as protein released from cell
membrane by treatment with chelating reagent and increasing ionic intensity because
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Biomembrane is composed of lipid bilayer and two types of proteins such as integral protein and
peripheral protein

it is attached to the membrane surface by electrostatic interaction. Another is integral
protein which is defined as protein solubilized by detergent such as SDS because it is
bound within the membrane by hydrophobic interaction. These types of membrane
proteins are included in lipid bilayer membranes which spontaneously assemble in
aqueous environment (Fig. 4.2).
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4.2 Phase Transition of Lipid Bilayer Membranes

Lipid bilayer membranes are assembly of a lot of number (sufficient for statistical

phenomena) of lipid molecules and they show phase transition like first order phase

transition and it is an interest research subject from physical viewpoint. From the

definition of first order phase transition, Gibbs free energy G for temperature change
G

is continuous under constant condition of pressure and its differential, (g—T) » is

discontinuity. So AG =0 and AG = AH = — T,AS becomes latent heat AH = T;AS.
When 2 phases are independent from each other, Gibbs free energy of these phases
are shown as function of temperature, T and pressure, P as follows G, = f(T, P),
G, = f5(T,P). In case of fluid phase and gel phase, they become G; = f;(T,
P) = H; — TS; and Gy = f(T, P) = Hg — TS, and difference of the Gibbs free
energy between these phases is shown as Gy — G, = (Hs — Hpy — T(Ss — Sp).
Enthalpy in gel phase is smaller than that in fluid phase and entropy in solid phase is
smaller than fluid phase because of higher orderliness in gel phase. Therefore,
transition from fluid phase to gel phase occurs when a certain temperature, T exists
for negative (Gg — Gy). This transition reduces the free energy and the transition to
gel phase proceeds spontaneously. Temperature, T; of first order phase transition is
obtained as intersection of Gibbs free energy curves of these phases. DSC measure-
ment of phase transition in biomembranes is focused on lipid membranes. And one
component of lipid dispersed in water such as dipalmitoylphosphatidylcholine
(DPPC) shows clear phase transitions (Fig. 4.3). DPPC molecules dispersed in
water by voltexing form multi-lamellar membranes and they show four phase
transitions; sub transition (crystal phase, L. to gel phase, Ly), pre-transition (gel
phase to ripple phase) and main transition (ripple phase to fluid phase, L,). These
phase transitions occur in keeping regular structure of multi-lamellar structure and
show characteristic change on X-ray diffraction pattern (Fig. 4.4). Fatty acyl chains
of DPPC molecules are arranged all-trans structure in gel phase and some gauche
structures appear in fluid phase. This phenomenon is melting of acyl chains of
phosphatidylcholine molecules. Structural change of phase transition is observed
by freeze-fractured electron microscope as jumbled structured of L, phase and
parallel lines of Ly phase (Fig. 4.5). Phase transition from fluid phase to hexagonal
IT phase in phosphatidylethanolamine liposomes by lowering temperature. Relaxa-
tion process of this phase transition is slow and long time is required to complete the
transition. Phase transition of liposomes is also observed as change of density
observed by dilatometer (Fig. 4.6). And phase transition from gel phase to fluid
phase shows decrease of density of lipid bilayers because of extension of distance
between lipid molecules and distance between lamellas. Each lipid molecular species
has individual temperature of phase transition. And the temperature depends on
length and degree of unsaturation of fatty acyl chains. Phase transition temperature
of phosphatidylcholine changes from —7 °C of DLPC to 54 °C of DSPC. However,
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Fig. 4.4 X-ray diffraction pattern of DPPC multi-lamellar liposomes
Multi-lamellar liposomes of dipalmitoyl phosphatidylcholine (DPPC) were prepared and X-ray
diffraction patterns at various temperatures were measured by SOR X-ray
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Multi-lamellar liposomes were prepared and freeze-fractured from different temperatures. The
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phase transition temperature of phosphatidylethanolamine with same fatty acyl
chains as phosphatidylcholine is higher because of smaller polar head. DPPC and
DPPE have same fatty acyl chains of palmitic acid but phase transition temperatures
of DPPC and DPPE are41 °C and 63 °C, respectively. Introduction of cis double
bond expands distance between phosphatidylcholine molecules because of its kink
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Fig. 4.7 Structure and phase transition temperature of various phospholipids
Schematic images of various phospholipids are shown with their main phase transition tempera-

tures. There are differences of polar head, length of fatty acyl chain and unsaturated bonds
among them

structure and reduces Van der Waals force between them. And phase transition
temperature 54 °Cof DSPC lowers to —22 °C of DOPC (Fig. 4.7). In thermotropic
induction of phase transition, structural parameter of each phase is shown in repre-

sentative  phospholipid, 1,2-palmitoyl-sn-glycero-3-phosphocholine  (DPPC)
(Table 4.1).
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Table 4.1 Structural parameters of lipid bilayer

Crystal Gel phase, | Ripple Fluid phase,
phase, L. Ly phase, Py Ly
Area of a lipid measured for parallel | 45.8 A at 48.5 A at 64.3 A at
0°C 20 °C 50 °C
Cross-sectional area perpendicular 18.9 A at 19.6 A at
to fatty acid 4°C 20 °C
Angle of fatty acid to vertical 34.4° 36.3°
direction
Thickness of lipid bilayer 482 A 488 A 383 A at
50 °C
Repeating distance of multi-layer 39.5 A at 64.0 A at 60.0 A 60.0 A at
0°C 20°C 50 °C
Specific volume 0.906 ml/g | 0.939 ml/g 1.011 ml/g at
50 °C
Number of water molecule per lipid |11 at4 °C 19 at 20 °C 23.0at 50 °C
between layers 8.6at0°C |17.5at
20 °C
Volume of lipid in bilayer 1104A% at | 1144 A3 at 1232A3 at
0°C 20 °C 50 °C

Structural parameter in each phase of dipalmitoylphosphatidylcholine (DPPC) is listed in the table

4.3 Phase Separation of Lipid Bilayer Membranes

Characteristic of phase equilibrium of two components system is shown in
temperature-component phase diagram. When two components, A and B are
completely miscible in both gel phase and fluid phase, single gel phase exist
below solidus curve and single fluid phase exists above solidus curve. Composition
in these phases does not depend on temperature but is determined by molar ratio of
each component. Phase diagram of ideal solution of two components was obtained
by Seltz using graphical method [11]. A. G. Lee obtained phase diagram in non-ideal
mixing of two components as follows [12]. In ideal binary system, chemical
potential of component A in liquid phase is shown as yffe"l = /42 + RTlogexﬁq”id,

and assuming two components is completely immiscible in solid phase, freezing

o AH 1 1
point is obtained aslog, X} = TA <T - T>' On the other hand, Gibbs free
A

energy of chemical potential in non-ideal mixing is shown as y, = G + (1 — x4)
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{605} xp and assuming G = G4 + G, Gg becomes excess free energy of mixing. If

two components are completely non-mixing, the following equation is obtained.
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If mixing is ideal in liquid phase, same mole fraction is realized at different
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. . liquid 2 T . . . .
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ideal

above equation. This equation enables calculation of phase diagram by considering
deviation from ideal state in liquid phase. When mixing is non-ideal in both liquid
phase and solid phase, chemical potentials in solid phase and chemical potential in
liquid phase are sown as follows respectively.
solid __ _ 0,solid solid solid (1 _ solid 2
" =V 4 RT Inx™ + pi™ (1 — x7")
ﬂ;;ond _ I/O,solid +RTIn (1 w)lzd) + (Y){)lld( X)lld)z

Iugquid () liquid + RT Inx ltqmd + lzqmd <1 _ qum'd)z
o Lo N2
sliquid 0, liquid lid sliquid ( _sliquid
pp ™ = v + RT1In (1 — x") + po (A" )

The chemical potential of each phase is equal because each phase is in equilib-
rium state. Therefore, two equations are obtained as follows

o liquid liquid liquid i id\2
xzq”’d p(;quz (1 o Xfiquz ) polqul p(s)olzd(l _ xjfl’d) AHA 1 1
In polid + -

A

RT R
| (1 B xi‘liquid N pgqmd ( quwd> — plselid _ polid (xjalld)z AHp /11
n . =

xX)hd

RT R

Above equations are solved as simultaneous equations by introducing each value
of T4, Ty and py, and phase diagram is obtained. When excess Gibbs free energy is
defined as Gz = Hr — TSg, Gg = 0, Hg = 0 and Sg = 0 indicate ideal solution, a
thermal solution and regular solution, respectively According to G.M. Wilson’s
paper [13], ratio of probability finding B molecule to finding A molecule around
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EaB
i n _ () . Eag—Epn) _ Xsva _
A molecule is shown as {2 = (S exp (Bfa) = 4 = Fap where va

and vg are mole volume of pure A and B, respectively. According to Flory-
Huggins’s theory of a thermal solution [14], excess free energy is shown as Gg

=RT> x;- ln‘)’é—{‘ where @; and x; are volume fraction of component i and mole

fraction of component i, respectively. Wilson et al. define these mole fractions by use
of volume fractions f, and f3, and finally Fsp = Zexp(—ﬁT“T) —latxy=xp=1/72
because of symmetry of the system. Degree of non-miscibility py shows probability
that a molecule finds homo molecule or hetero molecule around its self [13]. Phase
separation is observed in lipid membranes as correlating phenomenon of phase
transition. Dimyristoyliphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE) have same acyl carbon of myristic
acid and their phase transition temperatures are 23 °Cand 49 °C, respectively. Binary
mixture of DMPC and DMPE shows two separated peaks on DSC thermograph
(Fig. 4.8). Phase separation is a separation of regions with different physical
properties, therefore the separation is observed by imaging instrument such as GP
imaging microscopy. Red hinge-like regions show flexible and DMPC-rich and blue
straight regions are rigid and DMPE rich (Fig. 4.9).

5mJ/K

r T T T T 1

20 30 40 50 60 70

Temperature [°C]

Fig. 4.8 Phase separation of binary mixture of DMPC and DMPE observed by DSC

Liposomes of binary mixture of dipalmitoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE) were prepare by voltexing in water and its thermo-
graph was measured by DSC
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Fig. 4.9 Real time GP imaging of giant liposome of DMPC/DMPE binary mixture

Giant liposome of DMPC/DPPC (1:1) binary mixture was prepared by gentle hydration method in
aqueous solution containing 2 mM CaCl2. The liposome was observed by GP imaging microscopic
instrument in changing temperature
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Chapter 5 )
Structure and Function of Protein Creck o

Abstract Each protein is synthetized according to its genetic information of amino
acid sequence on DNA and the information of amino acid sequence determines
three-dimensional structure of the protein. Major functions of proteins are enzyme,
receptor and immunological antibody. Enzyme is the most important in them
because metabolic system of cell is chemical reactions catalyzed by network of
enzymes. Protein kinase and phosphatase is important system to regulate enzyme
activity as well as allosteric regulation.

5.1 History of Protein Study

Protein as enzyme is most important in chemical reaction system of living organisms.
Various chemical reactions become possible even at 37 °C in the presence of enzymes
in human beings. Catalytic function of enzyme maintains complex biological func-
tions. ‘Enzyme’ was named by Buchner for his discovery of catalytic substance in
extract from yeast cells in 1897. L. Pauling and R.B. Corey proposed a-helix structure
of polypeptide in 1951. F. Sanger determined amino acid sequence of insulin in 1955.
D. G. Smyth, W.H. Stein and S. Moore determined amino acid sequence of RNase in
1963. J. Kendrew et al. determined and constructed molecular structure model of
myoglobin from sperm of whale using X-ray diffraction in 1962. R. Schwyzen
chemically synthesized adrenocorticotropic hormone (ACTH, 39 amino acid residues)
and H. Zahn synthesized insulin (51amino acid residues) in 1963. R.B. Merrifield
synthesized RNase by solid phase peptide synthesis (124 amino acid residues) in 1969.
R.N. Henderson and P.N. Urwin determined structure of membrane protein, bacteri-
orhodopsin using electron beam diffraction in 1975. K. Itakura et al. biosynthesized
somatostatin of E. coli using chemically synthesized DNA in 1977. In membrane
proteins, M. Noda et al. determined amino acid sequence of acetylcholine receptor and
sodium channel in 1984. S. Yoshikawa et al. crystalized integral membrane protein,
cytochrome oxidase and determined its structure by use of X-ray diffraction in 1998.
Doyle et al. determined molecular structure of potassium channel by use of X-ray
diffraction in1998.
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5.2 Determination of Three-Dimensional Structure
of Proteins

Nearly one hundred thousand structures of proteins are registered in Protein Data
Bank. More than 80% of the three-dimensional structures are determined by X-ray
crystallography, and Nuclear Magnetic Resonance (NMR) is used for determination
of protein structure in solution. Electron microscope is also used for determination of
three-dimensional protein structures. X-ray diffraction method cannot determine
position of hydrogen atoms and NMR method determines averaged structures in
solution.

5.3 Basic Concept of Enzyme

Origin of enzyme is from ‘in yeast’ because enzyme is found in yeast as substance
with catalytic function. Enzyme is protein catalyst which is synthesized by gene
expression. Enzyme has substrate specificity and distinguishes optical isomers.
There are at least three contact points between enzyme and substrate, which means
stereospecificity of enzyme. There is affinity between enzyme and substrate, and
inhibitor has affinity proportional to structural similarity to substrate, i.e. binding
constant. In a cell, substrate 1 is converted to product 1 (=substrate 2). Substrate 2 is
converted to product 2 (=substrate 3). These sequential reactions catalyzed by
enzyme forms metabolic pathway. Enzyme is protein, and its catalytic efficiency is
more than 10'" -fold compared to inorganic catalyst. Chemical reactions in cells of
human body is proceeded by enzymes even at 37 °C (body temperature). Catalytic
function of enzyme is lowering activation energy of chemical reaction. And chem-
ical reaction is conversion of bonding through electron. Lowering of activation
energy is realized by overlap of electron orbitals. This is studied in quantum biology,
but it is not always easy to analyze complex reactions catalyzed by enzyme.

5.4 Chemical Reaction and Kinetics of Enzyme

5.4.1 Chemical Reaction and Enzyme

Living organism is system of regulated chemical reactions and enzyme catalyzing
chemical reaction should be mentioned for discussion of biological functions.
Chemical reaction that molecule A reacts with molecule B and generate molecule
C is explained by collision theory.
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A+B— —C

Vol V4l

Chemical reaction requires collision of molecules. Frequency of collision is
proportional to kinetic energy and molecular concentration. Pair of A and B must
overcome activation energy to be converted to C. At molecular level, chemical
reaction is reversible, and finally becomes equilibrium state in isolated system
(Fig. 5.1). Velocity of association reaction, v, ; and velocity of dissociation reaction,
v_; are proportional to concentration of molecules. Assuming linear function,
velocity of association and velocity of dissociation are shown as follows.
vi = k[Al[Bl, v_; = k_4[C] where k,; and k_; are rate constants. These
equations must be verified empirically. And condition of equilibrium becomes
v,1 = v_;. And following equations are obtained.

k.1 [AlB] = k_[C], ’,%i % = K., where K, is equilibrium constant. Relation-
ship between change of standard free energy and equilibrium constant is shown by
following equation AGy = — RT - log K,,. Temperature dependency of chemical

reaction is shown by Arrhenius’s equation as follows. 4k — Lo or k = A . exp

dT — RT?

(f%) where E,, A, R and T are activation energy, frequency factor, gas constant and

absolute temperature, respectively. Within narrow region of temperature, £, could

be considered as constant of approximate activation energy. And this is verified by linear
1

relation of Ink vs 7. Relationship between reaction velocity and activation energy is

explained by Eyring’s transition state theory as follows. Active complex, (AB)* is
introduced and reaction mechanism A + B <+ (AB) * — C is assumed. As energy
decreases simply in process of (AB) * — C, v = k*[(AB)*] = k™ K*[A][B] is obtained.
Activated complex, (AB)* is almost equilibrated with ‘A + B’ and % =K* is
obtained. Therefore v = k*[(AB)*] = k*K*[A][B] is obtained. And rate constant, k
becomes k = k*K™*. Then K* = exp(—49") because of AG* = — RT In K*, and
k = k*exp(—AS") because of AG* = AH* — TAS™. The equation of rate constant
k means product C generated by reaction between A and B depends on the activation

energy, AG™. Therefore activation energy determines velocity of reaction and role of

Fig. 5.1 Chemical reaction A
and activation energy
Ratio of products to
reactants is determined by
change of free energy in

Transition state (AB*)

Activation energy

o)
equilibrium state. And rate § .
of chemical reaction is k=l (=AG")
determined by activation 3 Reactants

energy. Catalytic effect of ; A+B

enzyme reduces activation g

energy and accelerates rate g Free energy

of chemical reaction change AG

Reaction coordinate
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enzyme protein which lowers activation energy for accelerating chemical reaction.
Distribution among A, B and (AB)* in equilibrium is determined by change of Gibbs
free energy and enzyme does not affect the distribution.

5.4.2 Kinetics of Reactions Mediated by Enzyme

Michaelis and Menten proposed kinetics to understand enzyme’s reaction from
experimental result of hydrolysis of sucrose by invertase [1]. Following conditions
are described in the kinetics. Reaction velocity is proportional to enzyme concen-
tration at constant substrate concentration. At constant enzyme concentration, reac-
tion velocity is proportional to substrate concentration during low substrate
concentration and the velocity is gradually saturated in higher substrate concentra-
tion, and to constant velocity. They introduced reaction mechanism by assuming that
intermediate complex (ES) is in equilibrium state with enzyme (E) + product (P) and
there is no reverse reaction from ES at initial state where rate constant is k.

EFE+S~— —ES—E+P
k-1 kit ki

From equilibrium condition, Michaelis constant (equilibrium constant) is shown
as following equation.

[ENIS] _ k-

=Kn
[ES] ki

When condition of [S] > [E],, substrate concentration can be replaced with
equation, [S] = [Slop — [ES] = [S]lo, and Michaelis constant becomes following
equation.

[E]O[S][ J [ES] = K,, and this equation is converted to [ES] = [E] [[s]]’ then reaction
velocity to generate product is shown as following equation.

v=kp[ES] = %][[]S} And v = I‘g“"‘;[[g]] Vonax 18 the maximum velocity of the

chemical reaction mediated by enzyme showing catalytic efficiency of enzyme.
Michaelis constant K, shows affinity of enzyme to substrate. Smaller value of K,,
means higher affinity.

On the other hand, Briggs and Haldane assume different condition in reaction
mechanism mediated by enzyme. Concentration of intermediate complex is in
equilibrium state and there is no reverse reaction from E + P to ES at initial state.
And reaction mechanism is shown as following equation [2].

EFE+S+~— —>ES—E+P
k-1 kit ki3
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In this theory of kinetics, stationary state of intermediate complex, [ES] is

assumed. Therefore k,([ES] — (k_, + k,2)[ES] = 0 and [ES] = K[ J]r[s] is obtained
by replaced by [E] = [E]y-[ES]. Finally,v = k,[ES] = %j[s[]s] Xm‘;[[sl] is obtained.

5.5 Regulation of Enzyme Activity

Cell, essential unit of life, provides regulation mechanism to maintain homeostasis.
And system of chemical reaction in cell is composed of enormous number of
enzymes. Therefore, maintaining homeostasis is mainly due to regulation of
enzymes.

5.5.1 Control of Enzyme Amount

Amount of enzyme is controlled to keep balance between synthesis and degradation,
and control of synthesis is due to operon mechanism. Parade et al. suggested
existence of repressor in 1959, and F. Jacob J. Monod proposed operon theory in
1961 [3]. Operon theory was proposed as lactose operon in prokaryote, E.Coli. And
study of operon is extended to study of promoter including regulation mechanism of
eukaryotes. Processing of mRNA is also studied in prokaryotes. On the other hand,
regulation by degradation of enzymes is studied for various proteases such as Ca**-
dependent protease.

5.5.2 Control of Enzyme Activity

There is feedback inhibition that final product in metabolic pathway suppresses an
activity of enzyme locating on preceding pathway. There are two types of control
mechanism using nucleotide. Nucleotide-1-phosphate is bound on enzyme in bac-
teria or phosphate moiety is transferred from ATP to OH group of specific amino
acid such as serine, threonine and tyrosine in enzyme of eukaryote by protein kinase.
And these modifications of enzyme induce conformational change of enzyme and
results in regulation of enzyme activity. Regulation by protein kinase is also
important mechanism for regulation of functional protein. And the bound phosphate
is dissociated by phosphatase to recover the activity to original state. Protein kinase
was found by Burnett and Kennedy in 1954. They found protein kinase activity of
phosphorylation of casein in rat liver in 1954. There are other protein kinases such as
cyclic AMP dependent protein kinase, cyclic GMP dependent protein kinase, Ca®*
dependent protein kinase and double strand RNA dependent protein kinase.
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5.5.3 Allosteric Regulation of Enzyme Activity

In allosteric enzyme, there is binding site of activator or inhibitor apart from active
site of enzyme. The binding of one of these effectors affect activity of enzyme
through conformational change of enzyme. Allosteric enzyme is composed of sub-
units. Theoretical study of allosteric enzyme was studied in hemoglobin of red blood
cell. And two theories were proposed by Monod et al. [4] and Koshland et al. [5],
respectively. When activator binds allosteric site apart from catalytic site, substrate
binds easier by conformational change of the enzyme. On the other hand, binding of
inhibitor on allosteric site makes substrate to be difficult to bind catalytic site. There
are relaxing state and taut state in subunits of allosteric protein. R-state is stable when
substrate or ligand binds allosteric protein, and T-state is stable during no binding.
Monod et al. assume that all subunits change from T-state to R-state cooperatively
by binding of substrate. On the other hand, Koshland et al. assume that change from
T-state from R-state occurs sequentially for each subunit by binding of substrate.
Characteristic of allosteric enzyme is shown by Hill equation. The kinetics equation
of allosteric enzyme shows sigmoid curve on graph. Degree of sigmoid curve
depends on value of ‘n’.

5.6 Interaction Between Protein and Lipid

5.6.1 Peripheral Enzyme and Integral Enzyme

Major components of biomembrane are proteins and lipids, and interaction between
protein and lipid is a key factor for structural formation, function and regulation of
biomembranes. In the fluid mosaic membrane model proposed by Singer and
Nicolson [6], membrane proteins are classified into peripheral proteins and integral
proteins. The formers are bound by electrostatic interaction and release from the
membrane by raising ionic strength. Cytochrome c is an example of peripheral
membrane proteins. Calcium ion is an important divalent cation and it crosslinks
between anions for binding anionic protein to anionic surface of membrane. These
proteins are released from membrane by chelating reagent such as ethylene diamine
tetra acetic acid (EDTA). The integral proteins are bound by hydrophobic interaction
and solubilized by addition of detergent such as sodium dodecylsulphate (SDS).
Cytochrome oxidase of mitochondria inner membrane is an example of integral
membrane proteins. ESR measurement using a spin probe, 16-doxylstearic acid has
revealed existence of annular lipids interacting with the membrane protein strongly
[7]. Assuming size of the protein as parallelepipedon of 52 Ax60 A, and peripheral
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length, 244 angstroms divided by diameter, 4.8 A of 2 fatty acyl chains gives 47. The
result means 47 molecules of phospholipid existing on the first layer around cyto-
chrome c. This estimation shows 0.17 mg of phospholipid for 1 mg of protein, and
there is good agreement to experimental result, 0.2 mg of phospholipid. Crystalli-
zation was succeeded and detailed information of protein structure was obtained by
X-ray diffraction study [8]. This study promotes elucidation of electron transport
mechanism to oxygen. Co-crystallization of protein with lipid assembly in cubic
phase is applied to bacteriorhodopsin, and relationship between formation of cubic
phase and absorption spectrum of bacteriorhodopsin [9]. An idea is proposed that
lipids preferring cubic phase (non-bilayer structure) makes lateral pressure and
stabilize membrane structure and express function [10]. Interaction between protein
(or peptide) and lipid membranes was investigated by DSC measurement. Three
types of interactions were appeared on DSC thermographs [11]. First type is water
soluble protein bound to surface of lipid membrane by electro static interaction.
Second one is hydrophobic protein interacted with lipid membrane by hydrophobic
interaction. Third type is medium of the former two types, and interacting lipid
membranes electro statically and hydrophobically. Hydrophobic effect between
hydrophobic acyl chains and hydrophobic region of protein is major force for
constructing biomembrane, and this interaction is studied theoretically by Owicki
etal. [12, 13]. This is consideration of effect of protein on physical property of phase
transition between gel phase and fluid phase. Using exclusive area of a molecule in
gel phase, A and in fluid phase, A, order parameter for excusive area of molecule

A is defined as follows. u = :::: And free energy G is obtained as follows from
A, :

theories of Landau [9] and de Gennes [14]. G = %uz —ud + % + |"7 where T is
phase transition temperature expressed by reduced temperature, set to 1. u is

obtained for distribution of proteins in membrane plane by variation method using
,|Au(r)||dr*r = min

following equation. ff |u(r)

Integration is performed under boundary condition, u = u, at interface between
lipids and proteins. This means both hydrophobic regions in lipid and protein is
adjusted to fit each other. Mouritsen and Bloom considered theoretically in focusing
on the adjustment [15]. This is thermodynamical consideration of insertion state of
elastic protein into elastic lipid membrane.

5.6.2 Synthesis of Membrane Protein and Signal Peptide

Membrane protein is synthesized in rough ribosome and transferred to target site
through Golgi apparatus by membrane traffic system. Leader peptide (signal pep-
tide) is firstly biosynthesized in ribosome, and the peptide determines destination of
the protein. When leader sequence appears in biosynthesis, signal recognition
particle recognizes the sequence and synthesis stops temporally. This complex is
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bound by docking protein on ribosome. And stop of synthesis is released. Then the
protein is traversed lipid bilayer membrane and leader sequence is cut by signal
peptidase and sugar chain is added [16].

5.6.3 Study of Interaction in Membrane Model System

Mattress model is proposed in focusing matching between hydrophobic regions of
protein and lipid membrane. Supporting experiments for mattress model is shown as
follows. Figure 5.2 shows preferential interaction between bee venom, melittin and
dimyristoylphosphatidylcholine in membranes prepared by binary mixture of
dimyristoylphosphatidylcholine (DMPC) and distearoylphosphatidylcholine
(DSPC) by use of DSC. DSC thermograph of the binary mixture shows peak from
DMPC rich region and peak from DSPC rich region without melittin. And peak from
DMPC rich region is disappeared by addition of 1 mol% melittin. The results
indicate that bee venom peptide, melittin composed 26 amino acids including
hydrophobic region interact with hydrophobic core in lipid membrane of DMPC
rich region of the binary mixture of DMPC and DSPC because size of hydrophobic
regions of melittin and DMPC match each other. Figure 5.3 shows reconstruction of

46.0 °C
Melittin %
5 mol % / \
L ———BikealmMa
446 °C
/1\ 49.6 °C
2 mol% — -~
L ————" 7.6 kcal/mol
46.2 °C
32.4°C o o
1 mol% "_,-—f"/ 5?'8 C
. == 83kecal/mol ™
o . ) 45.1°C
Transition in DMPC rich region Transition in DSPC rich region
31.6°C /‘,
0 mol% e \
_— _8.6kcal/mol A\
1 Il 1 L 1 s 1
20 30 40 50

Temperature [°C]

Fig. 5.2 Preferential interaction of melittin in binary mixture of DMPC/DSPC

Liposomes of binary mixtures composed of dimyristoyl phosphaticylcholine (DMPC, C14:0) and
distearoyl phosphatidylcholine (DSPC, C18:0) were prepared and thermograph was measured by
DSC. Melittin, bee venom peptide preferentially reduced peak from DMPC rich region in concen-
tration dependent manner
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Fig. 5.3 Enzyme activities of UDP-glucose: ceramide glucose transferase UDP-glucose: ceramide
glucose transferase was reconstructed in phosphatidylcholine with different lengths of fatty acyl
chains. And the enzyme activity was measured. Optimum length of fatty acyl chain existed for the

activity

GDP-glucose: ceramide transferase into different thicknesses of lipid membranes
and the enzyme activities of those cases. Different phosphatidylcholines with satu-
rated fatty acyl chains from 15 carbons to 18 carbons are used for different thick-
nesses of lipid bilayer membranes. And the maximum activity obtained when the
enzyme is reconstructed in dimyristoylphosphatidylcholine (12 carbons fatty acid),
which means the enzyme takes optimum configuration in interaction with

dimyristoylphosphatidylcholine.
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Chapter 6 ®)
Physical Properties of Biomembranes e
and Cellular Functions

Abstract Membrane lipids such as phospholipids, glycolipids and sterols form lipid
bilayer membranes spontaneously in water, and insertion and binding of proteins
result in construction of biomembranes. Membrane proteins are surrounded by lipid
molecules, and structure and physical properties of lipid membrane regulate function
and activity of protein through interaction between lipids and proteins. Biological
functions on biomembranes utilize physical property of lipid bilayer membranes.
Molecular collision for chemical reaction is controlled by membrane fluidity which
depends on lipid species of different structures such as length and unsaturation.
Special regions for signaling system on cell membrane are formed by phase sepa-
ration. Membrane lipid preferring non -bilayer forming is closely related to mem-
brane fusion.

6.1 Diffusion Controlled Process by Fluidity
of Biomembranes

Living organism on the earth is a system of regulated chemical reactions, and
collision of molecules is essential for chemical reaction. And diffusion of molecules
is major factor for collision frequency. Membrane proteins in biomembranes move
in lateral diffusion, and lateral diffusion is measured by such as fluorescence photo
bleaching recovery (FPR) [1].

When chemical reaction A + B — C is considered, collision theory requires
collision of A molecule and B molecule for chemical reaction of generating product,
C. Collision frequency is proportional to kinetic energy and activation energy
overcoming energy barrier. And proportional coefficient is shown as where &, and
[C] are diffusion-controlled bimolecular constant and concentration of molecule,
C. All collisions not always proceed to generation of product, C. Therefore, rate
constant is shown as k, = yk, where y is reaction efficiency. And Smolucowski
equation is shown as follows.

ky =224 (Ry + R,) (Dy + D,) where Ny, R; R, Dy and D, are Avogadro’s
number, radius of colliding and collided molecules, diffusion constant of colliding
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and collided molecules, respectively. On the other hand, diffusion constant, D is
kT

shown by Stokes-Einstein equation as follows. D =g % where k and 1 are
Boltzmann constant and solvent viscosity, respectively. Therefore, chemical reaction
depends on viscosity of solvent, temperature, size of molecules in addition to
concentration of molecules. Biomembrane is dynamic structure and molecular
components of it show rotational diffusion and lateral diffusion. Receptor on
biomembrane surface binds ligand to make conformational change and diffuses to
bind effector protein for transmitting received signal to enzymic signaling system.
This diffusion process depends on fluidity (viscosity) of lipid bilayer membrane.
And it was shown in adrenalin-induced activation of glycolysis system. In this
system, energy supply is promoted through activation of glycolysis when adrenalin
receptor binds adrenalin. The complex of adrenalin-adrenalin receptor collides with
adenylate cyclase through G-protein. Adenylate cyclase raises level of cyclic AMP
(cAMP) in the cell to regulate enzyme activity. Relationship between collision
frequency and lateral diffusion rate on biomembranes was analyzed from fluidity
change of the biomembranes in reaction system as follows. HR + E - (HRE) — HR
b

+E' where HR, E and E' are receptor binding hormone, enzyme and activated enzyme,
respectively. HR and E collide with rate constant k, in red blood cell of turkey.
Membrane fluidity of the blood cells was changed by addition of cis-vaccenic acid.
And viscosity at 25 °C was lowered from 6 poise to 4 poise and corresponding diffusion
constant of B-adrenalin receptor increased from 4.0 x 10~ "' em*sec t0 9.0 x 10~'° cm?
/sec [2]. Velocity of diffusion-controlled process between substrate and enzyme in
stationary state on two-dimensional space is shown as following equation.

1bs: " 1
V= W In ((g[Enzyme]NA)zﬁ) where Ny, Dsg and a are Avogadro’s

number, relative diffusion coefficient and length of active part, respectively. Chemical

reaction between substrate and enzyme is bimolecular reaction and velocity is shown as

v = ky[E][R7] where [E] and [R7] are concentration of adenylate cyclase and whole

concentration of receptor, respectively. v = k,psernea = [E] is obtained from constant
¢

1 ) .
concentration of receptor. And Vopsered = N, A47rRT] Inz|RTN, A]Zé < s obtained from

D= éTTz = %, therefore specific activity of adenylate cyclase becomes zero at 6.1 poise of
membrane viscosity. This result indicates that k,pz.eq depends on 1 and that the
activation of adenylate cyclase is diffusion-controlled process.

6.2 Phase Separation of Biomembranes and Biological
Functions of Cell

Biomembranes are a key area for biological functions. One of major components of
biomembranes, lipid molecules show phase separation correlated with phase transi-
tion. Phase transition observed in temperature acclimation of cells regulates function
of proteins through varicosity (fluidity) of lipid membranes. On the other hand, it is
considered that phase separation affects functions of proteins by making



6.3 Micro Domain of Biomembranes (Lipid Raft) 83

heterogeneous regions on biomembranes. Phase separation in lipid bilayer mem-
branes was first observed as Ca2*-induced phase separation of acidic phospholipid
by phospholipid spin probe [3] and then phase separation of acidic phospholipid by
basic protein was also observed [4]. Phase separations in lipid bilayer membranes
were observed in various systems such as proton-induced phase separation [5],
ternary lipid system containing phosphatidic acid [6] and diacylglycerol promoting
Ca**-induced phase in lipid bilayers mimicked for cellular signaling [7].

6.3 Micro Domain of Biomembranes (Lipid Raft)

Biological functions of biomembranes are directly responsible for proteins, products
of genetic information, but interaction between lipids and proteins is essential for the
function because most of membrane proteins require lipid for their function. Physical
properties of lipid membranes such as membrane fluidity, phase transition and phase
separation participate in regulation of the function through interaction between lipid
and membrane protein. A cell has various functions in micro regions and the
heterogeneous regions of biomembranes play key role for realizing the functions.
Membrane fractions insoluble in detergent were found in cell membrane, and they
were named lipid rafts from an image of ‘raft’ in sea of lipid bilayers. Raft is a region,
rich in sphingolipids and cholesterol [8] and proteins related to cell signaling were
gathered [9] and cholesterol play a key role for formation of liquid-ordered phase
[10]. The reported phase separated region of liquid ordered phase [10] is recognized
as closely related to formation of raft. Schematic image of lipid raft is shown in
Fig. 6.1. In an experiment for examining preferential interaction of cholesterol with
various phospholipids, selectivity of cholesterol to various phospholipids was
reported as partition coefficient for each phospholipid [11]. Interaction between
cholesterol and sphingomyelin was investigated at each atom of these molecules
by NMR and specific strong interaction was not found between these molecules

o7

Fig. 6.1 Lipid raft as micro domain in biomembranes

Raft is a micro domain as phase separated liquid-ordered phase composed by interaction of
cholesterol with sphingolipids in biomembranes. Proteins related to signaling of cell are assembled
in the micro domain. Violet circles of signaling proteins are gathered into large circles of micro
domains (raft)



84 6 Physical Properties of Biomembranes and Cellular Functions

0.26 ‘;\ i i

G.P.value

0.14 L
0 0.02 0.04 0.06 0.08 1.0 1.2 1.4

Sphingomyelinase [U/ml]

Fig. 6.2 Change of G.P. value by conversion of sphingomyelin to ceramide by sphingomyelinase
in living CHO cells

Decrease of G,P, value was observed in sequential treatment of living CHO cells. The cells were
treated with 1 mM f-cyclodextrin for 30 min at 37 °C after treatment of various concentrations of
sphingomyelinase for 10 min at 37 °C. Decrease of G.P. value in sphingomyelinase concentration
dependent manner, which supposed to increase membrane fluidity because of removal of choles-
terol from the cell membrane

[12]. On the other hand, preferential interaction between cholesterol and
sphingomyelin was investigated in living CHO cells using environment sensitive
fluorescence dye, laurdan. Effect of cholesterol on biomembranes is lowering
membrane fluidity, which is used for detecting preferential interaction between
cholesterol and sphingomyelin. When sphingomyelin molecules in CHO cells
were converted to ceramide by sphingomyelinase treatment, G.P. value of laurdan
in the cell membranes decreased by successive treatment by p-cyclodextrin. The
result suggests that cholesterol molecules removed from cell membranes by
B-cyclodextrin because of no specific interaction between cholesterol and ceramide.
And The lowering G.P. value was observed in concentration dependent fashion of
B-cyclodextrin shown in Fig. 6.2 [13]. The preferential interaction between choles-
terol and sphingomyelin was observed in giant liposome of artificial membrane
system under G.P. imaging microscopic instrument. Disappearance of micro domain
of liquid-ordered phase was observed in this experiment, which also suggested
strong interaction between cholesterol and sphingomyelin [14]. Mechanism of
gathering specific protein related to signaling into raft is still unclear, and possibility
of matching between hydrophobic regions of lipid membrane and membrane protein
is examined as a candidate of the gathering mechanism [15].

6.4 Conversion of Membrane Lipid with Receiving
Stimulus and Functions of a Cell

A lot of number of cells composing multi-cellular organism are concerted by both
neural and hormonal control systems to integrate individual living organism. Control
factors such as neurotransmitter and hormone are bound by receptor on cell surface,
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and its stimulus is transferred to each corresponding functional protein through G
protein. A series of cellular signaling process is affected by structure and physical
property of lipid membrane. Major components of membrane, phospholipids are phos-
phatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol,
phosphatidic acid. In metabolic pathway of biosynthesis for phospholipids, phos-
phatidic acid is synthesized from fatty acyl-CoA and glycerol phosphate, and it is
converted to diacylglycerol, a start molecule for synthesis of phospholipid. Synthetic
reaction is generally chemical reaction with positive change of standard free energy,
and nucleotide triphosphate such as ATP, CTP, GTP and UTP is required to couple
with synthetic reaction for supplying energy by its hydrolysis of negative change of
standard free energy. And nucleotide triphosphate is also used for activation of
binding site. In one pathway of phospholipid biosynthesis, diacylglycerol (DG) is
activated by CTP and CDP-diacylglycerol is generated. In another pathway, polar
base is activated by CTP to generate CDP-polar base and then it binds to
diacylglycerol to generate CDP-diacylglycerol. Phosphatidylinositol (PI) is synthe-
sized in former pathway. Phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) are synthesized in latter pathway. Phosphatidylserine (PS) is synthesized from
PE by exchange reaction with minor change of standard free energy. These biosyn-
thetic pathways are shown in Fig. 6.3). On the other hand, hydrolysis of phospho-
lipids is mediated by phospholipases such as phospholipase A, phospholipase C and
phospholipase D. These chemical reactions proceed with negative change of stan-
dard free energy. These enzymes are activated when a cell receives stimulus, and
rapid conversion of lipid is observed. Phospholipase A releases fatty acid from
phospholipid and the released arachidonic acid becomes substrate for generation
of prostaglandin, leukotriene, and thromboxane and so on. And these molecules
regulate functions of cell. Phospholipase C generates diacylglycerol from
phosphatidylinositol as substrate, and the diacylglycerol as second messenger acti-
vates protein kinase C. And phospholipase D generates phosphatidic acid from
mainly phosphatidylcholine as substrate, and the phosphatidic acid induces prolif-
eration of cell. Regulation of physiological function of cell is performed by transfer
of phosphate moiety of ATP to protein, i.e. phosphorylation of protein. Energy of
ATP is used in phosphorylation process. For example, some species of protein
kinases are activated sequentially in cycle of cell division, and proliferation and
differentiation of cell are also regulated by protein kinase. And malfunction of this
mechanism is supposed to induce cancer cell from study of oncogene. Malfunction
of protein kinase C is a candidate of canceration of cell. Phosphatidylserine, calcium
ion and diacylglycerol are required for activation of protein kinase C [16]. Protein
kinase C in cytoplasm was bound to plasma membrane when cell received a specific
stimulus [17], and calcium ion was required for binding of protein kinase C
[18]. Diacylglycerol of neutral lipid generated from negatively charged
phosphatidylinositol was supposed to promote calcium ion-induced phase separation
of phosphatidylserine in signaling of cell because of the phase separation in signal-
ing -mimicking artificial membrane system [19]. Stimulus received by receptor
raised concentration of calcium ion from 0.2 pM to 0.6 pM in liver cell [20], and
promotion of phase separation of phosphatidylserine by diacylglycerol was also
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Diacylglycerol (DG} and inositol triphosphate (ITP) were generated from phosphatidylinositol
bisphosphate (PIP2) in phosphatidylinositol cycle in metabolic conversion of biomembrane lipids.
DG activates protein kinase C and ITP releases calcium ions from macrodomes.

Fig. 6.3 Metabolic conversion of membrane lipids

Phosphatidylinositol cycle in a cell is shown. Diacylglycerol (DG) and inositol triphosphate (ITP)
are generated from phosphatidylinositol bisphosphate (PIP2) in phosphatidylinositol cycle in
metabolic conversion of biomembrane lipids. DG activates protein kinase C and ITP releases
calcium ions from microsomes

shown within the concentration change of calcium ion in artificial membrane system.
Protein kinase C has hydrophobic region in its structure, but it exists in cytoplasm in
resting state, and binds to plasma membrane in calcium concentration dependent
manner by stimulation through receptor. Protein kinase C was partially purified from
neutrophil of leucocyte and cell membranes of the neutrophil were incubated at
various concentrations of calcium ion, and then the membrane fraction and super-
natant was separated by centrifugation. And distribution of the protein kinase C was
investigated after removal of calcium ions by EDTA and activation by Triton X-100.
The result showed that the protein kinase C bound to the cell membranes at a few pM
of calcium ion [20]. Relationship between surface pressure of monolayer and
binding of protein kinase C to the monolayer was investigated at the presence of
calcium ion at various surface pressures. The protein kinase C penetrated the
monolayer only in the presence of calcium ion when the surface pressure was
more than 26 dyn/cm, but the protein kinase C bound to the monolayer below
26 dyn/cm in the absence of calcium ion. However, the protein kinase C did not
bind to the monolayer at concentration of calcium ion more than 43 dyn/cm even in
the presence of calcium ion [21]. From the results shown above, electrostatic and
hydrophobic interactions for role of protein kinase C in the signaling system are
supposed as follows. Base sequence of cDNA including 672 amino acid sequences
was elucidated in protein kinase C [22]. Protein kinas C has amino acids sequence of
Arg19-Phe-Ala-Arg-Lys-Gly-Ala25-Leu-Arg-Gln-Lys-Asn-Val-His-Glu-Val-Lys-Asn
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and these amino acids bind to active site of protein kinase C to inhibit its activity as
pseudo-substrate [23, 24]. When cell is activated in signaling process, free protein
kinase C of inactive form is bound to plasma membrane and then active site of
protein kinase C is opened by conformational change of protein kinase C [25]. Cal-
cium ions and phospholipids play important roles in the activating mechanism of
protein kinase C. Negatively charged phosphatidylserine is hydrated in aqueous
environment. The hydrated water molecule is replaced by calcium ion when calcium
ion is added, and surface of phosphatidylserine becomes hydrophobic. This change
may be important for interaction between lipid membrane and hydrophobic region of
cytosolic protein. In addition, some enzymes such as diacylglycerol kinase, calactin,
endonexin, calmcimedin, synexin and calelectin bind membrane in calcium ion
dependent manner [26]. Protein kinase C and related protein induced segregation of
acidic phospholipid [27, 28]. And using peptide mimicking pseudo-substrate
(Acrylodan-labeled MARKS) in binary liposomal system of phosphatidylcholine
and NBS-labeled phosphatidylserine, phase separation induced by the peptide was
reported [29]. Induction of hexagonal II structure and cubic structure was reported as
effects of diacylglycerol on physical property of lipid membranes [30]. From these
results, supposed mechanism of lipid second messenger inducing signaling process is
shown in Fig. 6.4. And lipid second messenger in signaling system of cell was
reviewed by Makowsky and O.M. Rosen [24]. On the other hand, Generation of
phosphatidic acids makes possible to translocate calcium ions through lipid mem-
brane as shown in Fig. 6.5 [31].

6.5 Non-bilayer Forming Lipids and Function
of Biomembrane

Although basic structure of biomembrane is lipid bilayer membrane as assembly of
lipid molecules, the lipid membrane shows polymorphism in its structure and
physical property. Lipid molecule of cone shape prefers non-bilayer structure such
as hexagonal II and lipidic particle. And role of non-bilayer structure on function of
biomembrane was studied.

6.5.1 Membrane Structure Formed by Non-bilayer Forming
Lipids

Basic concept of biomembrane was established by ‘fluid mosaic membrane model’
proposed by Singer and Nicolson [32], but formation of non-bilayer structure under
a condition was observed by *'P-NMR in 1978 [30], and then observed by freeze-
fractured electron microscope [33]. From these results, relationship between
non-bilayer forming lipids and non-bilayer structure such as hexagonal II structure
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Fig. 6.4 Supposed mechanism of PKC activating cellular signaling

Phosphatidylinositol bisphosphate is separated into diacylglycerol and inositol triphosphate by
activation of phospholipase C through binding of ligand (such as neurotransmitter and hormone)
to receptor. Diacylglycerol promotes phase separation of phosphatidylserine by calcium ions and
makes membrane surface hydrophobic. Protein kinase C binds the hydrophobic region of plasma
membrane and becomes active conformation

and intra membrane particle was elucidated. Non-bilayer structures are formed by
non-bilayer preferring lipids. And Israelachvili et al. analyzed thermodynamically
relationship between shape of lipid molecule and structure of lipid assembly in
aqueous environment [34]. Cylindrical lipids assemble to form lipid bilayer mem-
brane and inverted cone lipids form inverted micelle or hexagonal II structure. These
structures are observed by freeze-structured electron microscope as shown in
Fig. 6.6.

6.5.2 Non-bilayer Membrane Structure in Membrane Fusion

Membrane fusion is important mechanism for change of compartment such as
membrane traffic, endocytosis, exocytosis and cell division. Molecular mechanism
of membrane fusion was studied in membrane fusion of synapse vesicle in nerve
ending. There are specific complexes, t-SNARE and v-SNARE in vesicle membrane
and target membrane, respectively. And it is supposed that these complexes change
the structure to bind both membranes compactly and result in membrane fusion
[35]. Molecular model of region in the membrane fusion was proposed by X-ray
diffraction analysis of SNARE complexes [36]. Induction of membrane fusion by
close contact was proved by using bee venom, melittin (having positively charged
basic amino acids region and hydrophobic amino acids region) in liposomal system
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Fig. 6.5 Calcium ionophore function of phosphatidic acid (PA) molecules

(1) Calcium ions bind PA electrostatically. (2) PA is phase separated by replacement of hydration
water molecules by calcium ions and the phase separated region becomes hydrophobic

(3) Head of Ca-PA complex is hydrophobic and penetrates hydrophobic center of the membrane
(4) Inverted micelle structure is formed centering calcium ion

Fig. 6.6 Non-bilayer structures observed by freeze-fractured electron microscope
Hexagonal II structure of phosphatidylethanolamine is observed as parallel lines
Cardiolipn-Ca2 + complex is observed as arranged lipidic particles

of neutral phospholipid and acidic phospholipid [37]. Inverted micelle was observed
in focal fusion point of calcium ion-induced membrane fusion in lipid membrane
system including acidic phospholipid [38], and indeed membrane fusion was
induced by transition from lamellar phase to hexagonal II phase in membrane system
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including non-bilayer preferring lipids [39]. Inverted micelle, a kind of non-bilayer
structure was also closely related to membrane fusion [40]. In addition to these
results, induction of non-bilayer preferring lipid, diacylglycerol into lipid membrane
promoted membrane fusion [41] and also generation of diacylglycerol by catalytic
conversion by phospholipase C induced membrane fusion [42]. Calcium ions induce
membrane fusion in lipid membrane including negatively charged acidic phospho-
lipids and inverted micelles are involved in this case, and calcium ionophore for
calcium ion permeation [31] is supposed to be similar mechanism shown in Fig. 6.5.

6.5.3 Regulation of Biomembrane Formation by Non-bilayer
Structure as Lipid Storeroom in Biomembrane Lipid

Inner membrane of mitochondria and thylakoid membrane contain much of
cardiolipin and phosphatidylglycerol and ratio of proteins to lipids is higher because
of electron transfer system. These membranes keep lipid bilayer structure despite
higher content of non-bilayer preferring lipids. To keep bilayer membrane structures,
excess content of non-bilayer preferring lipids are supposed to be stored as cubic
phase or hexagonal II phase induced by calcium ions. These non-bilayer structures
function as buffer for lipid supplying store in case of protein degradation or protein
assembly [43]. Conversion between lipid bilayer membranes and non-bilayer mem-
brane induced by changes of temperature and lipid composition was demonstrated in
a model system composed of mono-methyl phosphatidylethanolamine (DOPE-Me)
containing dipalmitoyl glycerol as non-bilayer preferring lipid by use of X-ray
diffraction, DSC and freeze-fractured electron microscope [44].

6.5.4 Changes of Structure and Physical Property
and Biological Function in Biomembranes

Three methyl moieties of phosphatidylcholine are replaced by hydrogen atoms in
phosphatidylethanolamine and result in structural change from cylinder to cone. And
change of physical property appears in change of phase transition temperature. Phase
transition temperature of dimyristoylphosphatidylethanolamine (DMPE) is
27 degrees higher than that of phosphatidylcholine (DMPC). Density of DMPC
membrane is 1.13 g/cm® compared to1.25 g/cm® of DMPE membrane in gel phase.
These physical properties of DMPE indicate narrower inter molecular distances
between DMPE molecules and stronger inter molecular interaction. Therefore,
non-bilayer membrane structure is supposed to raise lateral pressure from both
sides of membrane protein and to maintain functional structure of the membrane
proteins [43]. Indeed, protein translocase of E. coli was activated by non-bilayer
preferring lipids [45]. Formation of non-bilayer membrane structure is geometrical
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effect of molecular shape of lipid and induced by cone type lipid molecule. Lipid
bilayer membrane prefers non-bilayer membrane structure when cylinder type lipids
of the membrane are converted to cone type lipids, diacylglycerol molecules by
phospholipase C because of increase of curvature of the membrane [46]. Phenome-
non like endocytosis which was independent of ATP was observed when CHO cells
were treated with sphingomyelinase. This phenomenon is supposed that conversion
of cylindrical sphingomyelin to cone shape ceramide induces curved plasma mem-
brane to assist endocytosis [47]. Release of cytochrome from mitochondria is
observed in apoptosis and related gene tBid is identified for the release. And addition
of product from tBid to liposomes including cardiolipin and phosphatidylethanol-
amine induced increase of membrane permeability, membrane fusion and formation
of non-bilayer membrane in correlating with change of membrane curvature
[48]. These results imply participation of tBid in formation of non-bilayer membrane
structure and permeation of biomolecules through biomembranes. There is standard
theory, area-difference elasticity for models in curvature of bilayer membrane
spontaneously formed by amphipathic lipid molecules in aqueous environment
[49, 50]. Balance between forces acting lipid molecule in lipid bilayer membrane
is explained by considering each inter molecular force acting inner and outer layer of
bilayer membrane as follows (Fig. 6.7) [51]. Attraction force of inter facial pressure
generated from hydrogen bonds between water molecules balances with both of
repulsion forces generated from head group pressure and chain pressure. Torque
calculated for point of attraction in clockwise (2/mN* m~1 x 0.5 nm = 10. 5pN) and
torque calculated for point of attraction in anticlockwise (/4mN+ m’
x 0.5 nm = 10.5pN) are also balanced. Treatment of polar heads of lipids by
phospholipase C or sphingolipase converts to non-bilayer preferring lipid of small
polar head and makes the membrane curved by reducing repulsion force between
polar heads.

Pressure at each layer

____________ -+ —— Polar head=21m N/m
---------- —_— ~@— Inter phase=35m N/m

~0,75nm1

1.5nm . L.
- Yeee e — Side chain=14m N/m
: IIIIIIIIIIIIIIII

Fig. 6.7 Curved lipid bilayer membrane and balance of forces

Lipid bilayer membrane is planar when repulsion forces of polar head and acyl side chains balanced
with attractive force of interphase. Change of pressure induces movement of gravity center and the
membrane is curved
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Chapter 7 ®)
Moving Life cnee

Abstract Previous chapters have dealt with the phenomenon centered on the
structure and function of biological membranes. The lipid membrane is an essential
structure that guarantees the steady state of the life in the ever-changing environ-
ment. Non-stop exchange of matters and information with the environment is a
salient feature of the activity of living thing. The previous chapters describe various
facts of these aspects. Voluntary movement is another remarkable feature of living
things. Thus in Chap. 7, various types of biological motions are described. First,
muscle contraction is briefly described, because it is one of the best known and
studied example of the motor-based biological motions. Another well-studied exam-
ple of the motor-based motion is the organelle transport; microscopic observations
and analysis of the motion are described as examples. Motors related to the transport
motility are briefly described and actin and microtubule tracks are described in some
detail. The dynamism of the cell is largely depends on the dynamism of the system of
actin filaments, microtubules and intermediate filaments. These filament systems are
assembled or disassembled according to the needs of the cell, which is adopted in
generating cellular movements. In the case of actin filaments and microtubules the
movements such as lamellipodial protrusion, segregation of chromosomes and
organelle transport, are driven. For these phenomena polymerization and depoly-
merization of the subunit of these polymers play essential roles. Thus, the
polymerization/depolymerization-driven motions in the cell are one of the main
theme of the last half of this chapter.

First, structure of actin monomer and tubulin, actin filament and microtubule are
described, and kinetics of polymerization of actin is then explained, because it is
necessary to understand the polymerization/depolymerization-driven motions in the
cell. Following these sections, overview of the cell motility is given, which is
followed by explanation on the actin-related structures in the cell. An important
question on the actin-based motility is that if it can really develop the force that leads
to the mechanical work such as deformation of the cell membranes in lamellipodial
protrusion. Three examples are presented: (1) the measurements done on two types
of cells keratocyte, a highly motile cell, and a fibroblast, rather quiescent cell; (2) the
reconstituted systems, liposomes encapsulating actin or monomeric unit of micro-
tubule (tubulin); (3) actin-based movement of bacteria. Then, theories that were
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developed on the basis of thermodynamics or on the basis of thermal fluctuation, and
the experimental evaluation of the theories are described. In the last section
microtubule-based, depolymerization-driven motility is briefly explained.

7.1 Biological Movements

7.1.1 Muscle Contraction and Mechano-Enzyme

Voluntary movements are remarkable features of life. Most notable biological
movement is skeletal muscle contraction (Fig. 7.1). Skeletal muscle is an organ
highly specialized for generating force and movement. It is consisted of multinuclear
muscle cells, each of which contains a number of contractile units each called
sarcomere. Sarcomere is regularly aligned in a muscle cell both in series and parallel.
Each sarcomere is consisted of a parallel array of thick, bipolar filaments consisted of
myosin and thin actin filaments. The unipolar actin filament is tagged at one end by a
structure called Z-line, resulting in the bipolar structure. The thin and the thick
filaments overlap each other. Because of the polarities of two filament systems, if
individual myosin filaments pull actin filaments, the spacing of the sarcomere is
narrowed. This is the essence of muscular contraction. The sarcomere-based highly
regular structure in the skeletal muscle makes the fast contraction and the generation
of the contractile force possible [1].

Myosin is a hexamer consisted of four small (~20 kDa each) polypeptides and
two large (~200 kDa each) polypeptides (Fig. 7.2). The large polypeptides (each
called heavy chain) form a globular structure on the side of N-terminus and a long
alpha-helix on the side of C-terminus, and the two heavy chains are held together by
the coiled-coil structure of the alpha-helical portion. Hence, as a whole, myosin
looks like a double-headed snake. This type of myosin is called myosin II. Two
small polypeptides (each called light chain) are reversibly bound to individual
junctions of globular domain and the helical domain. The bipolar myosin filament
is formed as a result of reversible association of the tails of many myosin molecules.
Sticking out from the shaft of the filament is the structure called cross-bridge. Cross
bridge was first recognized as a structure bridging the myosin filament and actin
filament in muscle and is consisted of the head portion of myosin [2, 3]. The head has
ability to reversibly bind to actin filament. The head portion binds and hydrolyzes
ATP. Myosin is thus an ATP-hydrolyzing enzyme and also produces the contractile
force (mechanical work). Hence, myosin is called a mechano-enzyme.

Actin filament is a polymer of a globular protein called G-actin (described in
detail in Sect. 7.3). Tropomyosin-troponin complex binds along the filament axis
(Fig. 7.3). When Ca”* ions are bound to the troponin complex, the position of the
tropomyosin shifts on the thin filament and each actin molecule becomes capable of
interacting with the myosin heads. As a result of this, the ATP-hydrolyzing activity
(ATPase activity) of myosin head is greatly enhanced. The binding of ATP and actin
to myosin head is reciprocally coupled. Thus, when ATP is bound to the ATPase site
of myosin head, the affinity of the myosin head to actin drastically lowered so that
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Fig. 7.1 Highly schematic representation of a muscle and its substructures. Panel a, whole skeletal
muscle (long oval); Panel b, a muscle cell (the striated oval); Panel ¢, myofibril; Panel d, thick
filament (myosin filament) and thin filament (actin filament), which are the major constituents of
myofibril and regularly arranged in the longitudinal and the vertical direction. The regular
overlapping of two filament systems in the sarcomere appears as optically anisotropic and isotropic
pattern, which are respectively named anisotropic (A)-band and isotropic (I)-band. M and Z
represent M- and Z-line that correspond to the central part of myosin filaments and the structure
tagging actin filaments. The anisotropic band is strongly birefringent, because of the overlapping of
the two filament systems, while the isotropic band is less isotropic, because there are only actin
filaments in this region. Panel e, the overlapping of the thick and thin filaments before (upper panel)
and after (lower panel) the contraction; individual filaments do not change their lengths, but the
overlapping lengths increase. Binding of Ca®* ions to the thin filament through troponin-
tropomyosin complex that are bound to the thin filament switches the thin filament state from the
oft- to the on. In the on-state myosin becomes able to interact with actin. This greatly accelerates the
rate of ATP hydrolysis of by myosin and a contractile force occurs
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Fig. 7.2 Subunit structure of a myosin molecule. Panel a, myosin is a hexamer, consisted of four
light chains (white ovals) and two heavy chains (black and grey lines). Toward the N-terminus of
each heavy chain a globular portion called head is formed; toward the C-terminus of the heavy
chain, a long alpha helix is formed. The two alpha-helices from each heavy chain form a coiled-coil
structure, which is called tail. This type of myosin is called myosin II. Panel b, myosin molecules
associate with each other by the tails to form a bipolar filament. From the surface of the filament the
structure called crossbridge (myosin heads) is sticking out. Light chains are bound to heavy chains
near the junction of the head and the tail regions
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Fig. 7.3 A highly schematic diagram of the myosin head. The head is schematically divided into
the motor domain and the alpha-helical lever arm (actual length ~8 nm). The motor domain binds
and hydrolyzes ATP and binds to the actin protomer in the actin filament schematically shown on
the left. The orientation of the alpha-helical tail changes by ~60° with the progress of ATP
hydrolysis on the motor domain; concomitantly, structural change occurs to the motor domain
and the affinity of the head to actin protomer increases. The strongest binding occurs when
hydrolyzed products (ADP and Pi) dissociate from the ATPase site in the motor domain
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the head dissociates from the actin with the rate of ~1000 s'. After ATP is
hydrolyzed, the reaction product, inorganic phosphate (Pi) dissociates from the
head. As a result, the high affinity of the head to actin is recovered and the head
again binds to actin. The rapid dissociation and enhancement of the ATP hydrolyz-
ing activity of myosin head upon its re-binding to actin is necessary for the head to
perform the rapid contraction of a skeletal muscle, because during the contraction at
the maximum velocity, the time for each head to pass individual actin protomer will
be only a few milliseconds. On the other hand, the recovery of the strong affinity of
the head to actin with the progress of hydrolysis will be necessary to produce
contractile forces of sufficient magnitudes. Thus, the biochemical properties of the
skeletal actomyosin seem to be optimized for the contractile property of skeletal
muscle.

7.1.2 Muscle Contraction at the Molecular Level

The crystal structure of myosin head [4] revealed distinctive features of the myosin
head. The head is divided into two major parts, a long (~8 A) alpha helix called
“lever-arm”, and a globular portion called “motor domain” from which the lever-arm
extends. The head includes the N-terminus of the motor domain and the tail domain
is closer to the C-terminus (Fig. 7.4). It has been hypothesized that the lever-arm
rotates relative to the motor domain with the progress of hydrolysis of ATP (ATP —
ADP-Pi — release of Pi — release of ADP) that occurs on the motor domain.
Figure 7.5 shows the coupling of ATP hydrolysis of myosin to force generation
(conformational change of the head). The myosin head cyclically interacts with actin

’
Movement/ <—~——
force i
Lever arm e+
) action *|Lever arm
Myosin

head Actin protomer

Motor domain

Tropomyosin Troponin

Fig. 7.4 Generation of contractile force by the action of the lever-arm. For simplicity, only one
myosin head is drawn. Actin filament is a polymer of monomeric actin (represented with a circle;
termed in this chapter actin protomer). Two tropomyosin polymers made by head-to-tail association
(thick black lines) are bound to the groove of actin filament. Troponin (grey oval) is constituted of
three subunits (not drawn). It binds to tropomyosin to regulate the binding of the myosin heads
(motor domain) to actin protomer in Ca>* ion-dependent manner
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Fig.7.5 Coupling of ATP hydrolysis and generation of a contractile force. For simplicity, only one
myosin head is drawn and actin filament is represented with a straight chain of circles. The scheme
starts from the myosin head tightly bound to actin (top left), which occurs in the absence of ATP.
Upon binding of ATP to the head, the affinity between the head and the protomer is greatly reduced
and the head rapidly dissociates from the protomer and prepares for the force generation (change in
the angle of the lever arm). In the intermediary step of the progress of the hydrolysis of ATP to ADP
+ Pi, ADP-Pi is bound to the head, which is followed by sequential release of Pi and ADP.
Concomitant with these changes, the affinity of the head to actin protomer progressively increases
and the strong binding of the head to actin portomer eventually recovers. This process is accom-
panied by the change in the angle of lever arm occurs, during which the contractile force is
generated (power stroke; bottom right)

during its ATPase cycle thereby generating the contractile force (power stroke; [5]).
This has been called mechanochemical coupling.

As mentioned above, the motor domain binds to the actin filament. The affinity of
the motor domain to actin should be high enough for generation of the force (a few
pN, [1]; see next section). Thus, the swinging lever-arm pulls the myosin or myosin
filament (Fig. 7.4). It has been suggested that the lever arm action is a result of
amplification of more localized change in the intramolecular structure that accom-
panies the ATP hydrolysis. This is similar to the amplification of a small distortion of
the heme in hemoglobin resulting in the relative displacement and rotation of
hemoglobin subunits [5].
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7.1.3 Single-Molecule Measurement for the Motor Function
of Myosin

The force generation by myosin has been studied at the level of single molecule
under the condition where a load was applied to individual myosin. In one example,
a micron-sized plastic bead was attached to one end of actin filament (so-called the
barbed end (Sect. 7.3.3.1); Fig. 7.6a; [6]) and the bead was held by an optical trap
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=
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Heavy
meromyosin

| —
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Objective lens

b
A focused infrared A focused infrared
laser beam laser beam
Actin filament /
Bead . Bead
/ Myosin \

S——

Large bead

Fig. 7.6 A highly schematic representation of measurement of the force exerted by myosin. Panel
a, heavy meromyosin, prepared as a proteolytic fragment of myosin II, was allowed to sparsely bind
to the glass surface, and an actin filament, tethered to a 1 pm plastic bead, was allowed to interact
with the surface-bound myosin in the presence of ATP. The bead was trapped by an optical trap
(Chap. 3, Sect. 3.8). Intermittent pulling of the bead by heavy meromyosin (only one head is shown
for simplicity) against the trap force was observed. Panel b, the force measurement with a different
configuration of the optical trap. Here, the double optical trap is created and two beads were held in
each trap. The heavy meromyosin bound to the third bead that is bound to the glass surface (not
drawn). This configuration allowed the researchers to measure the performance of a single myosin
molecule, because the actin filament could be kept attached to myosin molecule in the presence of
ATP, where the affinity of the head to actin is greatly reduced
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(see Sect. 3.8 for details), and the filament was allowed to interact with myosin
bound to the glass surface. The situation of tug-of-war was established between the
trapped bead and the surface-bound myosin molecules, and hence, the displacement
of the bead by the pulling action of myosin and the accompanying force could be
estimated [7]. Actually, it was difficult to measure the force or movement of a single
myosin molecule with this configuration, because in the presence of ATP, the
dissociation of the myosin head from the actin filament was unavoidable. Lowering
ATP concentration will be required to resolve individual force generation events,
because the bimolecular rate constant for the binding of ATP to myosin head is on
the order of 10°® M's™!, and hence, at 1 pM ATP, roughly 1 event of the force
generation will be expected [8]. However, the collected data scarcely represented
what would be expected form the single event (the displacement of the bead, ~5 nm,
which was consistent with the estimation utilizing the result of macroscopic force
measurement of skeletal muscle [1] and the value anticipated from the laver arm
action); the displacements often exceeded 20 nm. Thus, the possibility of involve-
ment of several consecutive events driven by several heads could not be denied
[7]. A similar experiment with different configuration has been performed (Fig. 7.6b;
[9]). This configuration allowed the measurement of the single molecule, because the
dissociation of the actin filament from the myosin head could be suppressed. The
result suggested that the distance over which a single myosin molecule exerted a few
piconewton forces on actin filament was about 5 nm.

7.2 Cellular Movements Other Than Muscle Contraction

In the following sections we will describe the movements and dynamics observed in
non-muscle cells. Those include the movement of organelles, change in the cell
shape and crawling motion of the cell body. The transport of organelles depends on
non-muscle type myosin, kinesin or dynein, whereas the contraction of actin fila-
ment bundle that occurs in the cell spreading and crawling cell depends on muscle-
type myosin, but some movements occur independent of those motor proteins (Sect.
7.17).

7.2.1 Three Filament Systems Supporting the Dynamism
in the Cell

The cell has intricate filamentous structures: actin filament, microtubule (Fig. 7.7a
and b, respectively) and intermediate filaments (not shown). Actin filaments (or
F-actin) and microtubules are highly dynamic entities while intermediate filaments
are less dynamic: apart from this difference, they are all assembled and disassembled
through the process of reversible polymerization of monomeric units and
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Fig. 7.7 Fluorescence micrographs of actin filament bundles (Panel a, white arrows) and micro-
tubules (Panel b, white arrows) in Chinese hamster ovary cells. For visualization, actin bundles were
stained with rhodamine-conjugated phalloidin, a phallotoxin which binds tightly to individual actin
filaments and emits fluorescence. For visualization of microtubules, a primary antibody against
microtubule was first bound to microtubules, and then, a fluorescence-tagged secondary antibody
against the primary antibody was added. As result, fluorescence pattern of microtubules became
visible. Under fluorescence microscope, individual actin filaments in the cell cannot be resolved and
only bundles are seen. A single microtubule is much thicker than a single actin filament and can be
observed under the fluorescence microscope. Microtubules are highly curved, as compared with
actin filament bundles. Bars represent 20 pm. (fluorescence micrographs take by Shinji Akiyama,
Department of Physics, Tohoku University)

depolymerization of the polymer. As already described, the monomeric unit of actin
filament is actin monomer (also called G-actin); in the case of microtubules, tubulin
dimers (Sects. 7.3.3 and 7.6.2). Since those filaments are utilized as structural as well
as functional components, the reversible nature of the formation of the filamentous
structure seems to be quite suitable for the cell to respond to the ever-changing
mechanical and/or chemical environment.

The group of intermediate filament system contains several different types of unit
(eg., keratin, vimentin or lamin [10]). The intermediate filaments have been shown to
cooperate with the above two cytoskeletal system [10—12]. Readers are referred to
[13, 14]. Below, we briefly explain non-muscle myosin and from Sect. 7.3., the actin
filament and microtubule system in order to understand their cellular functions in
detail.

7.2.2 Non-muscle Myosins and Organelle Transport

In non-muscle cells, many types of myosin exist. The muscle-type myosin is called
myosin II, as mentioned before, because it was discovered after the first discovery of
a non-muscle myosin (called myosin-I) in Acanthamoeba [15]. Myosin I is single-
headed, has a short, non-alpha helical tail and does not form a filament. Later, other
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Table 7.1 Various myosins (not exhaustive)

Shape

Myosin | (Fig. 7.8) Localization Role

I Single- Microvilli (small, cell-surface projec- Generation of membrane
headed tions), lamellipodia tension?

11 Two Muscle Generation of contractile
-headed Stress fiber forces

A\ Two- Various organelles, such as mitochondria, | Organelle transport
headed filopodia

VI Two- Cell-to-cell junction Formation of cell-cell
headed contact

viL Two Cell-to-cell junction Formation of cell-to-cell
-headed junction

IX Single- Activator of the small
headed GTPase, rho?

X Two- Lamellipodia, filopodia Link cytoskeleton and
headed integrin

non-muscle myosins (now called unconventional myosins) were isolated from many
organisms and tissues (Fig. 7.8 and Table 7.1). The amino acid sequences of the
heads of these non-muscle myosins are more or less similar to that of myosin II, but
those of the tails have a wide variation [16]. Some non-muscle type myosins do form
a dimer owing to the interaction between their tails, but the filament-forming nature
seems to be specific to myosin II.

The non-muscle myosins (eg., myosin V, VI, VII) bind through their tail portion
to the cell membrane or organelles. Thus, motor activity of the head portion seems to
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be utilized in many different ways depending on the locations where myosin resides.
Some myosins drive the movement of organelles on actin filament [17, 18]. The
organelle transport is not the only job myosin I does: myosin I is involved in the
generation of tension of cell membrane [19].

In addition to the structural role, actin filament and microtubule serve as tracks for
the organelle transport with appropriate motors bound to individual organelles.
Fig. 7.9a and b shows an example of the intracellular movement of organelles (Shinji
Akiyama, Department of Physics, Tohoku University, unpublished data). Myosin
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Fig. 7.9 Transport of endosomes in Chinese hamster ovary cell. Panel a, a numerous endosomes in
the cell (arrows) labeled with a fluorescent dye, Lucifer yellow. Dotted line indicates the cell
periphery. Endosome is formed by endocytosis, an invagination of the cell membrane followed by
the closure. The extracellular materials such as the fluorescent dye are encapsulated in the endosome
in this process. The endosomes are transported and processed in the cytoplasm. Panel b, an example
of the X-Y trace of an endosome indicated with double arrows in Panel a. The movement is a mixture
of a long-range, uni-directional motion (arrowheads) and small, less directed motion (arrows). Panel
¢, the velocity of the endosome along the trajectory. It is apparent that endosomes moved at
non-uniform speed. The velocity of the long-rage motion is larger (as fast as ~1 pm/s; downward
arrows) than that of the less directed motion (~0.1 pm/s). (fluorescence micrograph and data
obtained by Shinji Akiyama, Department of Physics, Tohoku University)
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utilizes an actin filament as the track. Two other motor proteins, kinesin and
cytoplasmic dynein [20] utilize a microtubule as the track; the kinesin and cytoplas-
mic dynein run in the opposite directions. The run length of the organelle on the
microtubule track is longer than that on the actin track, and the velocity of the
transport on microtubule is generally faster than that on actin filament (as in the
example shown in Fig. 7.9¢), or in the case of the transport of color pigments in
melanocyte [21, 22]). The transport of the color pigment is remarkable, because
there is a synergy between the microtubule-based transport and the actin-based
transport. Thus, in the dispersion of the pigments in the cell, they are transported
first by microtubule system. They are then transported by the actin filament system.
The physiological interpretation is that the transport by the actin system will achieve
more uniform intracellular distribution of the pigments than microtubule system
alone. The kinetics-based mathematical analysis of this interesting phenomenon has
been presented [23].

In another example, small membrane vesicle is propelled by the push of poly-
merizing actin filament, but not by myosin motor [24]. This is considered very
similar to the intracellular movements of some bacteria (Sect. 7.17).

7.3 Actin

7.3.1 Actin Monomer Structure

As mentioned in the Sect. 7.2.1, actin takes monomeric or filamentous form. The
actin monomer is comprised of a single polypeptide, the primary sequence of which
has been determined (375 amino acids; [25]). Its molecular weight is ~42 kDa. The
crystal structure of actin monomer that had been complexed with a protein DNase I
to prevent polymerization during the crystallization, has been solved. The mono-
meric actin has been classified as a globular protein; its dimension is 55 x 55 x 35 A
([26]; Fig. 7.10). The monomer is consisted of two lobes. In the cleft between two
lobes, one nucleotide is bound (ADP when the monomer is incorporated in actin
filament and ATP for the monomer in solution with submillimolar ATP). In vivo
ATP is thought to be the nucleotide bound to monomeric actin, because the
concentration of ATP (Mg-ATP in cytoplasm) exists at a millimolar concentration
and is much higher than ADP. In vitro the bound nucleotide forms a complex with
one Ca”* ion, but this Ca”* ion is replaced by an Mg>* ion when excess Mg>* ions
are exogenously added [27]. According to the crystal structure, the nucleotide and
the Ca®* ion are linked to the protein matrix through a number of hydrogen and
electrostatic bonds [28]. The two lobes are further divided into subdomains I to
IV. Residues 1-32, 70-144, 338-375 are included in the subdomain I, residues 33-69
in the subdomain II, residues 145-180 and 270-337 in the subdomain III and residues
181-269 in the subdomain IV. This indicates that the polypeptide chain of actin
monomer is folded in a complex manner and partially penetrates into other domains.
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Fig. 7.10 A highly schematic picture of a monomeric actin. The X-ray crystallography has
demonstrated that monomeric actin is roughly divided into two lobes (in the figure represented
with two blobs). The lobes are further divided into subdomains I to IV. Located in subdomain I are
N and C termini (represented with the labels N and C, respectively). The orientation of the molecule
relative to the pointed and the barbed ends (see text and Fig. 7.13) is indicated. The size of the box
indicated with dotted lines is roughly 55(w) x 55(h) x 35(d) A

7.3.2 Actin Filament Structure

Actin monomers polymerize to form a long, flexible filament. As mentioned above,
we call the actin monomer incorporated in the filament actin “protomer”. The actin
filament looks like a right-handed, two-start helix according to the electron micro-
graph (Fig. 7.11a; [29]), but one can trace the individual monomers in the filament
along a left-handed, one-start helix [30]: the rise of the one-start helix is 2.75 nm and
the monomer makes ~166 degrees rotation around the filament axis: this nearly
180 degrees’ rotation of monomer makes the actin filament have the appearance of
the right-handed, two-start helix [28]: the pitch of this helix is 72 nm and the inter-
protomer distance along the filament axis is 5.5 nm. The two ends of filament can be
distinguished based on the difference in structural and kinetic properties concerning
the binding of the terminal protomers. The two, non-identical ends are named
“barbed” and “pointed” ends, according to the polarity as indicated by the bound
heavy meromyosin (see below).

The structure of actin filament at the atomic resolution was obtained from the
fitting of the filament model constructed from the crystal structure of monomer to an
X-ray diagram of actin gel oriented in a glass capillary [31]. The constructed model
exhibited that the subdomains had slightly change their positions upon the incorpo-
ration of the monomer into the filament. The subdomain II and IV of the last
protomer is exposed at the pointed end, while subdomain I and III are exposed at
the barbed end (Fig. 7.11b). The cleft between the large and the small domain is
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Pointed
end

Fig. 7.11 A highly schematic representation of the structure of an actin filament deduced from
electron microscopy and the arrangement of individual monomers in the filament. Panel a, the
electron micrograph has suggested that the actin protomers in the filament is arranged as a two-start
helix (half helix is indicated with dashed line). However, the protomers actually aligned along a
one-start helix (the centers of the protomers are traced with a zig-zag dotted line); the ~166° turn of
a monomer relative to the previous monomer around the filament axis is the reason for the long-
pitch helix. The rise of the one-start helix is 2.75 nm; the inter-protomer distance along the filament
axis is thus ~5.5 nm. In one pitch of the two-start helix (~72 nm) thirteen protomers are included.
Panel b, a highly schematic representation of the arrangement of the subdomains in the filament
structure; for simplicity, the helical feature is omitted and only the two lobes, each consisted of the
subdomain II and III or the subdomain I and IV, are drawn. The barbed and pointed ends can be
distinguished by the polarity of bound heavy meromyosin (see text and Fig. 7.12) and are labeled in
this figure

narrowed upon polymerization, which will decrease the rate of exchange of the
bound nucleotide and the divalent cation. According to the reconstruction [31],
subdomain II has been found to move most (~6 A) upon incorporation of the
monomer into the middle of the filament, and other subdomains move to a lesser
extent (1-2 A).

The presence of the structural polarity was first demonstrated by the binding of
heavy meromyosin, a proteolytic fragment derived from myosin, to actin filament in
the absence of ATP. The actin filament bound by heavy meromyosin possessed a
characteristic appearance called arrowhead structure, according to which the pointed
and barbed filament ends were distinguished and were named (Fig. 7.12; [32]). A
recent electron microscopic study has shown that the tertiary structure of the terminal
monomer of the barbed end is slightly distorted, which may be the basis of the
distinction between the two ends [33].
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Fig. 7.12 The distinction between the two ends of actin filament by labeling actin filament with
heavy meromyosin, a proteolytic subfragment of myosin. Myosin is partially digested by a
proteolytic enzyme (left); the C-terminus part of the tail is cleaved off, and the heavy meromyosin
that includes heads and a short tail is generated. Heavy meromyosin is water-soluble and is
convenient for test-tube measurements; heavy meromyosin, like myosin, binds strongly to actin
in the absence of ATP, hydrolyzes ATP and the rate of the ATP hydrolysis is accelerated by its
binding to actin. Under electron microscope, the actin-bound heavy meromyosin forms a tilted
projection, which appears as arrowhead (right). The pointed and the barbed ends are assigned as
indicated. The direction of the arrowhead should reflect the difference in the structure of the two
ends of an actin filament

7.3.3 Actin Polymerization and Depolymerization
7.3.3.1 Methods to Measure Polymerization/Depolymerization

Dynamics of polymerization and depolymerization and its regulation by a number of
actin binding proteins are highly important aspects in the dynamical changes of the
cell. Therefore, quantitative in vitro measurement of the polymerization/depolymer-
ization kinetics of actin has been developed. In the early stage of the study, the
degree of polymerization has been measured by several methods such as flow-
induced birefringence of actin filament solution [34] and light scattering at
90 degrees [35, 36]. The drawback of these methods is that they are not sensitive
to detect the growth of filament in the initial stage of polymerization, where the
length of the filament is < ~0.1 pm [35]. Liberation of Pi can be also used as an
indicator of the progress of polymerization [37], but the time resolution (at most a
few seconds) is low. Thus, one needs methodology with high sensitivity to the
growth of the filament and time resolution for the estimation of the kinetic param-
eters. The most common methodology is based on fluorometry, which is highly
sensitive to the filament growth with relatively high time resolution. In these
methods, actin monomers are labeled with fluorophores such as pyrene [38],
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Fig. 7.13 Polymerization of actin measured with the increase in the fluorescence intensity of
prodan. As shown in the inset, the emission spectrum of a fluorophore, prodan, bound to the actin
actin exhibits a blue shift of the peak and the increase in the quantum yield after the addition of salts
(in this case, KCI + MgCl,). Thus, the observation at the fixed wavelength (460 nm, dashed arrow in
the inset) provides the increasing fluorescence signal representing the progress of the polymeriza-
tion (Miyata, unpublished observation)

rhodamine, [39] or prodan [40]; upon polymerization, those fluorophores are thought
to be buried in the interface between adjacent protomers and quantum yield increases
several to 10 times. Hence, one can quantify the polymerization kinetics by mea-
suring the increase in the fluorescence intensity (in the case of prodan, the burial of
the fluorophore causes the shift of the maximum of emission intensity accompanied
by an increase in the quantum yield, both contributing to the increase in the emission
intensity; Fig. 7.13).

Electron microscopy has been also employed to measure the polymerization. One
may wonder why the technique with rather complex procedure and low time
resolution was adopted. However, this technique allowed the investigators to
observe individual filaments to analyze the polymerization kinetics at the pointed
and the barbed ends separately [41]. To distinguish the barbed end from the pointed
end, a nucleus for polymerization was used. The nucleus is prepared by severing the
actin filament by sonication and “decorating” (ie., bound) the severed filament with
heavy meromyosin to make the “arrowhead” structure (Sect. 7.3.2). The decorated
part of the fragment is thicker than the newly elongated filament, which enabled
researchers to separately measure the length of the filaments grown from the pointed
and the barbed end. The nucleus also serves to facilitate the polymerization by
reducing the activation energy required for the spontaneous formation of the poly-
merization nuclei (see Sect. 7.4). With this technique, it has been shown that the
elongation occurred faster at the barbed end. In a later study [42], actin filament
bundle isolated from Limulus sperm acrosomal process was used, since in the
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bundle, which serves as the nuclei, the orientation of actin filaments is uniform. The
earliest time point (a few seconds after the start of polymerization) depends on how
fast one can prepare the specimen of the electron microscope after mixing the actin
monomer with the nuclei. More recently, the technique for observation of single,
fluorescently-labeled filaments under fluorescence microscope has been developed,
and the rate constant for polymerization/depolymerization kinetics at barbed and
pointed ends of the same filament have been separately measured: it turned out that
the fast-growing and the slow-growing ends were the barbed and the pointed ends
[43]. The rate constants for actin monomer binding ADP, which undergoes revers-
ible polymerization/depolymerization exhibited a remarkable match with those
derived from the optical microscopy (see Sect. 7.4).

7.3.3.2 Actin Polymerization and Hydrolysis of ATP

Actin monomer is an ATPase, as mentioned above. It hydrolyzes ATP only once at a
rate of ~0.02/sec when it is incorporated into the filament [44]; the product, inorganic
phosphate (P1), dissociates from the filament at ~0.3/s [45]. The other product, ADP,
remains bound to the actin protomer; but when the protomer dissociates from actin
filament, the ADP bound to the dissociated monomer can readily exchange with
ATP in the surrounding medium. If actin monomer loses bound nucleotide, it
denatures and becomes polymerization incompetent [46]. Monomer without bound
nucleotide is polymerization competent, if a high concentration of sucrose or
glycerol is present [46, 47].

In the presence of ATP, the actin monomer and actin filament are in a
non-equilibrium steady state because of the ATPase activity of actin (see Sect.
7.5). As mentioned above, the ATP hydrolysis occurs at a finite rate, and hence, if
monomer concentration is high, the rate of association of monomer will surpass the
rate of ATP hydrolysis, and as a result, several protomers near the barbed end can
exist as ATP-bound form [45, 48]. The dissociation of inorganic phosphate from the
actin protomer at the filament ends is followed by dissociation of this ADP-binding
protomer [43]; in the protomers residing in the middle of the filament, dissociation of
inorganic phosphate is 1000 times slower than the filament end [43, 49]. Phosphate
binds to actin protomer with a dissociation constant of 1.5 mM [50]. The bound Pi
decreases the dissociation rate of the monomer that binds ADP, leading to a decrease
in the critical concentration of the barbed and the pointed ends [43, 51]. In in vitro
experiment, Pi is often omitted, but in vivo, Pi exists at millimolar concentrations,
which will considerably increase the stability of the actin filament against depoly-
merization [43]. The effect of the type of nucleotide at the ends of the filaments in the
nuclei does not seem to be reflected in the elongation rate [42]. This fact simplifies
the comparison of the data obtained with the electron microscopy and fluorescence
microscopy.
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7.3.3.3 Structure of the Barbed and the Pointed Ends
and Polymerization/Depolymerization

The difference in the polymerization/depolymerization kinetics of actin filament has
been interpreted on the basis of the structure of the filament ends [33]. The actin
filaments were prepared in the presence of a cap Z protein, which binds to the barbed
end of an actin filament and stabilize it against depolymerization. This treatment
increases the number of filament with free pointed ends. With this preparation, it was
found that at the pointed end, the terminal protomer slightly tilted toward the
immediate next protomer and an interaction occurred between two amino-acid
loops that extend from each protomer [33]. It has been postulated that this loop-
loop interaction creates a kinetic barrier against the association and the dissociation
of the terminal protomer, thereby lowering the rate constants of association and the
dissociation. Such strong inter-protomer interaction is not observed at the barbed
end, and hence, the rates of dissociation and association of the terminal protomer at
the barbed end will be higher than those of the terminal protomer at the pointed end.
The slow association of the protomer at the pointed end will lead to the synchroni-
zation of ATP hydrolysis with the association of the monomer. On the other hand, as
described above, the ATP hydrolysis end lags behind the association of monomer at
the barbed, if concentration of monomer is sufficiently high.

7.3.3.4 Actin Polymerization and Metal Ions

In vitro, the purified actin polymerizes in the presence of cations (K*, Mg** or Ca**
ions). As described above, actin monomer possesses one high affinity binding site
for Mg?*/Ca** ions near the ATP binding site and several binding sites for cations
with lower affinity [27]. Upon binding of monovalent cations to these low affinity
sites, the electrostatic repulsion between monomers will decrease, facilitating the
association of monomer to each other. Divalent cations induce polymerization at
much lower concentration than monovalent cations; to polymerize actin, 1 mM Mg
2* is sufficient, whereas K* ions of tens of mM are required. Under the polymeriza-
tion condition that is usually adopted in in vitro experiment (a few micromolar of
monomer with 1 mM Mg®* or with 1 mM Mg®" and 10-100 mM K* ions),
polymerization occurs on the order of 10 min. Conversely, if monomer concentra-
tion is high, even a submillimolar concentration of Ca>* causes polymerization on a
time scale of scores of minutes [36].
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7.4 Kinetics of Actin Polymerization

The actin polymerization can be regarded as a condensation phenomenon, and it was
theorized that the polymerization can be treated as the progress of linear aggregation
preceded by the cooperative transition from a small linear precursor to a triple helical
aggregate, the nucleus from which the rapid growth of the filament occurs (Fig. 7.14;
[52]). As mentioned above, the artificially prepared nuclei will circumvent the initial
transition step and only the rapid growth will occur in the presence of nuceli. The
measurement of polymerization with pyrene-labeled actin indicated that tetramer
prepared by chemically crosslinking monomers serves as a nucleus for
polymerization [53].

In the following we describe the actin polymerization with a reversible kinetic
model [53, 54]. This treatment does not distinguish the barbed and the pointed end,
and hence, it is applicable to the polymerization/depolymerization of actin monomer
binding ADP. The “net” rate of actin polymerization per filament is expressed as
konC — kot = kon(C — kogilkon), Where ko (M~ 's™") and kg (s ) are the sum of the
rate constants of association and dissociation of a monomer to and from the both
ends. The quantity, C is the concentration of monomer in solution. When C > kq/
kon, the filament elongates; when C < k¢/kon, the filament shortens at both ends. The
value, kogifkon, 1s called critical concentration (hereafter, represented with Cc for
convenience). In this case, the filament either simultaneously elongates or shrinks at
both ends. The existence of Cc implies that an energetic barrier of the transition from
linear to helical polymer is reflected in the kinetics of the polymerization.
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Fig. 7.14 A proposed model for actin polymerization: condensation-elongation model. The left-
most object represents the actin monomer. In the upper row, growth of linear polymer is
represented; in the lower row, helical structure appears after transition of the linear trimer to helical
trimer (the step enclosed in the dashed square). The linear-to-helical transition was assumed to be
energetically unfavorable. The three-start helical structure has been anticipated from the kinetic
study of the polymerization. Free energy change was assumed to be a few kcal/mol. The helical
structure is more stable, once formed, because individual monomers interact with two neighbors
and the polymer can be more stable than the linear counterpart. (see details for Oosawa and Kasai

[52D)
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We next consider a model in which polymerization and depolymerization rates at
barbed and pointed ends are distinguished as kg*, kg”, kp', kp  [55]. The labels
represent the association (+) and the dissociation (—) rate constants at the barbed
(B) and the pointed (P) ends. The net elongation rate per filament at each end is
represented kg*C — kg™ and kp*C — kp". Thus, the critical concentration for the
barbed end is kg /kg™ and that for the pointed end is kp /kp”. The net on-rate is equal
to (kg™ + kp*)C and net off rate is equal to kg~ + kp . The elongation or shortening of a
filament occurs according to the condition:

(ki + k) C> (kg +kp )or (ki +k3) C < (kg +kp).
Thus, the concentration at which the filament length remains constant is
C = (ky +kp)/ (K + kp)-

At the equilibrium, the detailed balance, kg /kg* = kp /kp* holds and the C is equal to
the critical concentration at each end; Cc = kg /kg™ = kp/kp". In this case also, the
filament either elongates or shrinks simultaneously at both ends according to the
monomer concentration.

The Cc value depends on the solution condition such as temperature, pH and the
type and concentration of cations. It also depends on the type of bound nucleotide
(ie., ATP or ADP). The Cc value is estimated from the plot of the amount of polymer
or polymerization rate against total actin concentration [43, 52, 56]. The Cc value for
actin monomer binding ADP in the presence of 1 mM Mg”* and 10 mM K* ions has
been estimated to be 1.7 pM for pointed end and is virtually the same as the value for
barbed end (1.9 pM) [42]; a direct observation of single filaments revealed that the
former value has been estimated to be 1.7 pM and the latter to be 1.8 pM under
similar ionic condition [43]. On the other hand, in the absence of free cations, Cc
value is as high as 100 pM.

7.5 Treadmill Phenomenon: Actin Polymerization Under
the Non-equilibrium Condition

As described above, in the presence of ATP, the critical concentration at barbed end
(Ccg = 0.12 pM) is lower than that at the pointed end (Ccp = 0.62 pM); this
inequality is due to the ATP hydrolysis by actin protomer [42]. In the steady-state in
which the concentration of unpolymerized actin remains unchanged (see the main
graph of Fig. 7.13, in which the plateau of the fluorescence is shown); if the ATP
concentration is maintained, the critical concentrations at the two ends remain
different. This is because of the difference in the kinetic parameters, which yields
different ratios of the on-rate to off-rate at each end. As a result, when Cc > 0.62 pM,
filament elongates at both barbed and pointed ends, whereas Cc < 0.12 pM, filament
shortens at both ends, but at a concentration between these two limiting values, the
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rate of elongation occurring at the pointed end and that of the shortening occurring at
the barbed end can be equal. If one assumes that the dissociation occurs with
ADP-bound protomer and the association occurs with ATP-bound monomer, this
occurs at

Co = (kgp + kpp)/ (ki + kpr)

[55]. Parameter values estimated from the electron microscopy yield 0.58 pM for C,
value. As far as this monomer concentration is maintained, the length of the filament
remains constant. The actin monomer at C, associates with the barbed end, because
Cy > Ccp, and dissociates from the pointed end, because Cy < Ccp. As a result, the
distance between the incorporated monomer and the barbed end increases with time;
in other words, the monomer “travels” away from the barbed end and eventually
“reaches” the pointed end and dissociates. This unidirectional shift in the position of
the actin monomer from the barbed end to the pointed end is called “treadmilling”
(Fig. 7.15). The kinetical asymmetry of actin polymerization/depolymerization is not
merely a test-tube phenomenon, but it is assumed to be a basis for the turnover of
actin filament and maintenance of the actin network in lamellipodia. It should be
noted, however, that the rate of the treadmilling alone is insufficient to support the
lamellipodial protrusion (Sect. 7.14).

It has been suggested that within the filament, the mode of interaction between the
ADP-binding and ATP-binding protomers may not be greatly different from that
between ATP-binding monomers, because the rate of ATP hydrolysis by the
protomer adjacent to the ADP-binding protomer is not more than 10 times faster
than the rate by the protomer adjacent to the protomer binding ATP [56]. More
recent study has suggested at most several times difference between the association/
dissociation kinetic parameters of the ATP-bound actin protomer in the filament
polymerized from ATP-bound monomer and those of ADP-Pi-bound protomer in
the filament polymerized from ADP-Pi-bound monomer [43]. This implies that the

Barbed end Pointed end

ATP

Fig. 7.15 Treadmilling of actin monomer in an actin filament in the presence of ATP. In the
presence of ATP, actin polymerization predominantly occurs at the barbed end, while the depoly-
merization occurs at the pointed end due to the different critical concentration for each end (see
text). At an appropriate monomer concentration, the rates of the polymerization and the depoly-
merization are balanced, and hence, the length of the filament remains constant. However, at the
barbed end, polymerization of the ATP-binding monomer (gray figure) continues, whereas at the
pointed end, depolymerization of the ADP-binding protomer occurs. As a result of this, the distance
between the barbed end and the terminal protomer initially bound to the barbed end increases with
time under the constant length of the filament
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structure of the ATP-bound protomer and ADP-Pi-bound protomer are not alto-
gether the same.

7.6 Microtubule

7.6.1 Structure of Microtubule

Microtubule is a hollow cylinder and is much thicker than actin filament (outer
diameter: ~25 nm as compared with ~7 nm for an actin filament). A microtubule is
consisted of equal number of alpha and beta tubulins: the two types of tubulins are
structurally very similar [57] and form a heterodimer that behaves as a unit in the
process of binding to and dissociation from the microtubule. The approximate
dimension of the heterodimer is 8 nm x 4.6 nm x 6.5 nm [58]. As shown in
Fig. 7.16a, in a microtubule, the heterodimers make head-to-tail association with

Fig. 7.16 The schematic a
representation of a structure
of a tubulin dimer and a
microtubule. Panel a, left, a
tubulin dimer (alpha-tubulin
is in gray and the beta-
tubulin is in white); right,
the dimers form a proto-
filament and 13 proto-
filaments are aligned in
parallel to form a hollow
cylinder. Panel b, The rise of
the 3-start helix (the shaded
parallelogram) is 1.5 times /,
which is the size of the
heterodimer. As a result, the
lateral alpha-to-alpha or
beta-to-beta contact between
adjacent proto-filaments is
disrupted at the contact
between the first and the b
13th proto-filament, and the
alpha-to-beta contact is
formed. This type of contact
formed between the 1st and
the 13th filaments is

called seam

Microtubule
25 nm

Tubulin dimer

GTP (in
E-site)

B-tubulin

Proto-filament

GTP (in
N-site)

o-tubulin

13t proto-filament
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each other, forming a linear chain called protofilament. Thus like actin, microtubule
has a structural polarity; beta tubulin lines at one end and alpha tubulin at the other
end. At the end of a protofilament exposing alpha tubulin, a beta subunit of a
heterodimer binds, whereas at the opposite end exposing beta tubulin, to which alpha
subunit in the heterodimer binds. The number of protofilament in a microtubule
varies between 10 and 15, but in the cell that is 14. When microtubule is grown
in vitro from a nucleus (a natural seed for polymerization, which is isolated from
protozoa such as Chlamidomonas), the number is 13 (see [59] for details).

In the microtubule consisted of 13 protofilament, 3-start, left-handed helices can
be recognized, as shown in Fig. 7.16b (shaded parallelogram). A tubulin in one
protofilament makes a contact with the tubulin of the same type (ie., alpha with alpha
or beta with beta) in the adjacent protofilament. However, since the rise of the 3-start
helix per turn is 1.5 times the length of the dimer, /, the alpha and beta tubulin in the
13" protofilament each makes contact with different type of tubulin (ie., beta and
alpha) in the first protofilament. The contact thus formed along the microtubule is
called seam. In the case of 13 protofilaments, each protofilament is straight so that
the organelles transported by motor proteins walk on the same side of the
microtubule [60].

7.6.2 Microtubule Polymerization and Depolymerization
7.6.2.1 Basic Properties

A study on the polymerization of tubulin heterodimer has demonstrated that the
polymerization needs rather high temperature (37 °C; [61, 62]); at 0 °C it depoly-
merizes [63]. Actin polymerization does not exhibit such a strong dependence on
temperature. The degree of polymerization has been estimated from the amount of
tubulin that is pelleted by centrifugation (the plot of the amount of the pelleted
protein vs. total protein will provide empirical Cc value as the amount of protein
below which no pelleted polymer exist [64]). For the kinetic measurement of
polymerization, direct observation of individual microtubules by light microscopy
(differential-interference or dark-field) has been employed (see Sect. 7.6.3).

The critical concentration of tubulin heterodimer varies with the solution condi-
tion, especially with the temperature in the case of microtubule as mentioned above.
Typical values have been measured at 37 °C to be ~5 uM for both ends [65]. The
existence of critical concentration suggests existence of energetically unfavorable
step in the polymerization. Electron microscopic study of polymerizing microtubules
revealed that the protofilaments at the end of microtubule are aligned as in a
microtubule, but making an open, sheet-like structure with outward curvature.
This is thought to reflect the structural feature of the heterodimer [59, 66]. Polymer-
ization would have to proceed with the closure of the sheet, but this requires
transition of the sheet with outward curvature to more straight form that fits the
microtubule cylinder. It is likely that between these two conformations exists an
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energetic barrier [67]. After the polymerization the microtubule stores the curvature
elastic energy, which seems to be utilized in the depolymeization process accompa-
nying the restoration of the curved protofilaments [61] and also in the chromosomal
movement [67-69]. One would expect that the seam plays some special role in the
initiation of the depolymerization, but this point remains to be studied [57].

7.6.2.2 The Role of GTP in Microtubule Polymerization

Each tubulin binds one GTP molecule. As shown in Fig. 7.16, the GTP molecule
bound to alpha tubulin is “covered” by the beta tubulin, and remains bound to the
same site as GTP. Thus, the GTP binding site of alpha tubulin is called N
(non-exchangeable)-site. On the other hand, the GTP bound to the beta tubulin is
hydrolyzed to GDP by catalytic action of the side chain of Glu254 of alpha tubulin in
the adjacent heterodimer in the same protofilament. The GDP thus formed
exchanges with the solution GTP after the heterodimer dissociates from the micro-
tubule. Thus, the GTP binding site on beta tubulin is called E (exchangeable)-site.

In vivo, the energy liberated by the hydrolysis of GTP is ~30 kJ/mol [59]. But the
polymerization does not require hydrolysis of GTP, because heterodimer binding
non-hydrolyzable GTP analog, GMP-CPP, can polymerize [67]; if the beta tubulin
binds GDP at E-site, the heterodimer is not polymerizable. The GTP hydrolysis in
microtubule dynamics has been related to the change in the intrinsic curvature of a
tubulin heterodimer. As a result of hydrolysis at the E-site, majority of heterodimers
in a microtubule bind GDP at the inter-heterodimer interface. Thus, the outward
curvature of the protofilament becomes apparent during the depolymerization (the
protofilaments exhibiting outward curvature before they fall apart [61]). This curva-
ture should stem from structural features of the heterodimer; it may reflect the
intrinsic curvature of heterodimer binding GDP, or may be specific to the
heterodimer without interaction with adjacent heterodimers in the microtubule
lattice. A study has shown that the latter is the case [69]. The mode of the interaction
between heterodimers seems to be essential for the curvature of the protofilament. A
polymerized microtubule stores an elastic energy.

Upon polymerization of a heterodimer, GTP bound to the E-site is hydrolyzed, as
described above. Like actin polymerization, when the heterodimer concentration is
low, GTP hydrolysis occurs at the same rate as the polymerization of heterodimer,
but when the heterodimer concentration is high, GTP hydrolysis lags behind the
polymerization. As a result, the end of microtubule is occupied by a GTP-cap, the
accumulation of heterodimers binding GTP on beta subunit. It has been suggested
that the length of the cap can be as small as one layer of heterodimer [66]. The GTP
cap plays a central role in the dynamics of polymerization/depolymerization (see
Sect. 7.6.4). A study using antibodies against the tubulin that binds GTP has
demonstrated that majority of the antibodies binds to the growing end of
microtubules [70].
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7.6.3 Dynamic Instability: Different Behavior of Plus
and Minus Ends in Polymerization/Depolymerization
Episode of Microtubule

Observation of microtubules that grew from isolated centrosomes (serving as nuclei
for polymerization) demonstrated that those microtubules are divided into growing
and shortening populations, in the same solution [71]. Thus, although as a whole,
microtubules are either in a growing or a shortening phase, individual microtubules
independently grow or shorten. This remarkable phenomenon has been called
dynamic instability [72].

The dynamic instability results from the fact that the two ends of a microtubule
are not equivalent as in the case of actin. The two ends behave independently during
a polymerization/depolymerization episode. This was confirmed by the observation
of the polymerization/depolymerization events at each end simultaneously. The
nuclei prepared by binding dynein to microtubules, or a protein complex called
axoneme that had been isolated from sea urchin sperm were used. By dark field
microscopy [73] or differential interference contrast microscopy [65], researchers
could confirm the independent nature of the dynamics of the two ends of a single
microtubule.

Comparison of the elongation and shortening events at each end has shown that
the rate of elongation was several times slower than the rate of shortening. As
described above, this is because the shortening is accelerated by the elastic energy
stored in the microtubule. The association and dissociation rate constants at two ends
of microtubule as estimated by direct observations [65, 71, 74] and it has been
demonstrated that at one end the elongation occurs faster and over a longer distance
than the opposite end. The off-rate constant of the faster-growing end is smaller than
that of the slow-growing end. This makes the former end look much more active than
the opposite end; the more active end has been called “plus” end and the opposite
end “minus” end.

7.6.4 Catastrophe and Rescue

As described above, in the dynamic instability, an elongation phase is followed by a
shortening phase and vise-versa. The switch from the elongation to the shortening
phase is called “catastrophe”, and the switch from the shortening to the elongation
phase is called “rescue”. The catastrophe is thought to occur as a result of GTP
hydrolysis: once GTP in each tubulin is hydrolyzed, the inter-protofilament interac-
tion becomes weakened and the microtubule lattice destabilized by the outward
curvature of protofilaments (see the previous section), leading to the catastrophe.
The frequencies of catastrophe and rescue at plus ends are on the order of 10~/sec at
15-16 pM heterodimer [65, 74]; the catastrophe rate decreases and the rescue rate
increases with the increase in tubulin concentration as one would expect.
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The polymerization and depolymerization rates are modified greatly by the
binding of microtubule associated proteins (MAPs). For example, the presence of
MAP-2 stabilizes the polymer by decreasing the frequency of disassembly [75].
Dark-field microscopy combined with epi-fluorescence microscopy of microtubules
that was decorated with fluorescently labeled MAP-2 demonstrated that at a low
concentration of MAP-2 formed discrete clusters along the microtubule; based on
this characteristic distribution of bound MAP-2, it has been suggested the rescue
probability significantly increases at the positions of MAP-2 clusters [76]. Thus, the
clusters will decrease the shortening length. The GTP-bound tubulin specifically
labeled with the antibody demonstrated that GTP-tubulin exists not only at the plus
end but also in the middle of microtubule. It has been hypothesized that the
GTP-bound tubulins in the middle of microtubule participate in the rescue
event [70].

7.7  Cell Motility

The movement of the cell has been a central theme in cell biology. Cell movement is
important for all living organisms. For example, amoeba cells move in the soil to
search for food; nerve cell extends a long process called axon during the formation of
neuronal network; wound such as a cut in a skin will be repaired by the migration of
cells of the skin to fill the wound. Cells move in a controlled manner during the
development of multicellular organisms; the uncontrolled movements (e.g., loss of
contact inhibition) of cancer cells are the essence of metastasis. In vitro, cells adhere
to surfaces of culture dish or microscope slide and crawl on these substrates. How
cells crawl can be easily observed from the top by light microscopy (Fig. 7.17a). The
observation of the side view of amoeba cells crawling on the surface of glass rod has
demonstrated that in the crawling movement the front edge is first extended and then,
it adheres to the surface. This is followed by the retraction of the rear of the cell as a
result of the contraction of cell body while the front part remains attached. The cell
moves forward by repeating these three steps (Fig. 7.17b; [77]).

The speed of the movement of the cell varies from < 1 pm/h to a millimeter per
hour, depending on the cell type [78, 79]. Fibroblast usually moves slowly and the
event of extension and that of the rear retraction occur with different timings,
whereas in fast moving fish keratocyte the three activities is probably coordinated
so that the cell moves without appreciable change in its shape [79]. However, as
shown in Fig. 7.17a, even fibroblast moves over a short period of time with little
change in the shape. In this case, the coordinated movements of the protrusion and
the retraction can occur.



7.9 Cell Membrane and Membrane Skeleton 121

Adhesion substrate

Fig. 7.17 An example of a moving cell and three basic steps of cell motility. Panel a, a fibroblast
crawling in the direction shown by the black arrow in the leftmost panel. In this example, the cell
moved at fairly constant speed of ~0.2 pm/min. Panel b, three steps in the crawling motion of the
adherent cell; step 1, extension of the cell front (lamellipodiun) followed by its adhesion to the
adhesion substrate; step 2, contraction of the cell body while the front edge is firmly attached to the
adhesion substrate by the cell adhesion molecules; step 3, retraction of the rear of the cell. These
steps are repeated and the cell moves toward right. (Panel a: phase contrast micrographs taken by
Sogo Khomoto, Department of Physics, Tohoku University)

7.8 Extracelluar Matrix and Its Connection to Cytoskeleton

Cells produce and secrete proteins that form an extracellular network structure called
extracellular matrix (ECM; [80]). The ECM serves as the basis for the adhesion of
the cell to the surrounding cells or tissues, or structures such as the surface of a
culture dish. The binding of the cell to ECM is mediated by integrin, a family of
transmembrane protein. Integrin is a heterodimer of alpha- and beta-integrins. There
are many different alpha and beta integrins, and hence, there are a number of
combinations of alpha and beta-integrins. There are also many types of ECMs; for
example, fibronectin, collagen and laminin. The combination of alpha- and beta-
integrin basically determines the partner ECM, for example alpha-5 beta-1 integrin
heterodimer binds to fibronectin [81]. Interestingly, specific combination of alpha-
and beta-integrins determines the partner cytoplasmic proteins that interact with the
integrin heterodimer [82]. Thus, the integrin heterodimer bidirectionally transmit the
information of the extracelluar binding event and the intracellular events
[83, 84]. The ECM-cytoskeleton connection plays an essential role when the cell
attaches its front part to substrate to pull the rear part by contraction.

7.9 Cell Membrane and Membrane Skeleton

As described in Chap. 4, the basis of the cell membrane is a lipid bilayer. The lipid
bilayer itself is a highly flexible entity: its bending rigidity is on the order of 107 J,
allowing thermal fluctuations [85]. It should be noted that the tensile strength of the
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lipid bilayer membrane is on the order of 10~ N/m with maximum extensibility of a
few percent. Thus, the lipid bilayer is rather like a cloth than a rubber sheet. The cell
membrane is lined by a network structure called membrane skeleton. For example,
red blood cell membrane is lined by a highly regular network made of a protein
called spectrin [86]. Interestingly, the mechanical measurement has revealed that the
bending rigidity of the red blood cell membrane is similar to that of pure lipid
membrane [87]. This may be because the spectrin network is a highly flexible entity
([88]; see below).

The spectrin network is composed of spectrin and short actin filaments. Spectrin
is a heterodimer of alpha- and beta-subunit [89]. An alpha (a beta)-subunit in one
heterodimer binds to a beta (an alpha)-subunit of another heterodimer, and hence,
two heterodimers make a spectrin tetramer. The spectrin tetramer assembly is then
tied to the membrane by binding to a protein called ankyrin, which is then bound to a
transmembrane anion exchanger protein (band 3). Several heterodimers bind to a
short actin filament and a protein called band 4.1 to form spectrin/band 4.1/actin
junction. This protein complex is then tied to the cell membrane through a number of
transmembrane proteins. Thus, to the cytoplasmic side of the membrane of a red
blood cell, the spectrin-based network structure is firmly attached. The network is
most clearly seen in the plasma membrane isolated from red blood cell, which is
literally a net when it is viewed under the electron microscopy [86, 90].

In animal cells, actin filaments make another type of membrane skeleton [91]; this
skeleton is closely (~10 nm) attached to the whole plasma membrane, sandwiching
the spectrin membrane skeleton [92]. It has been demonstrated that two populations
of actin filaments exist in the membrane skeleton, which are distinguished by their
length. The growth of the longer filaments was induced by an actin-nucleating
protein called formin, while the shorter filaments were induced by a protein complex
called arp2/3 that also is an actin nucleating protein (see Sect. 7.15). The longer
filaments seem to provide the plasma membrane with more mechanical strength than
arp2/3-nucleated actin filements [93].

With the lining, the lipid membrane is expected to become stronger against
mechanical deformation. However, as mentioned above, the bending rigidity of
the red blood cell membrane is not very much higher than the pure lipid bilayer
membrane [87]. This may be because of the highly compliant nature of the spectrin
network, as revealed by direct pulling of the isolated spectrin network [88]. In
addition, the coupling of the spectrin network to the lipid bilayer may be weak in
the plane of the membrane, and the two structures may respond to the external force
almost independently. If this is the case, the bending rigidity may not be much
greater the sum of the rigidity of the two structures. Since red blood cells must pass
through narrow capillary vessels, their membrane structure might result from the
compromise between the deformability and mechanical strength.
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7.10 Lamllipodia and Filopodia: Protrusive Membranous
Structures of the Cell

The cell suspended in solution and not attached to a surface is spherical, because of
the lateral tension in the plasma membrane [94], but the adhered cell spreads on the
surface attaining flat morphology. In the initial stage of the spreading, the cell
assumes isotropic, round shape. Later, cell shape becomes more polarized
(Fig. 7.18a, b). Early in this process the cell produces a number of thin membranous
protrusions (lamellipodium), which appear along the whole cell edge.
Lamellipodium is a thin veil-like protrusion formed along almost entire cell periph-
ery (Fig. 7.18a). Its typical dimension is: 100-200 nm thick, several to 10 microns
wide and a few microns deep. It contains a crisscrossed meshwork of actin filaments,
in which actin filaments are crosslinked by actin-crosslinking proteins such as
ABP280, filamin and alpha-actinin [90, 95]. In a fibroblast cell lamellipodium
extends from any location of cell periphery at a velocity of ~1 pm/min over 1 min.
It often retracts. This protrusion/retraction activity is especially prominent during the
cell spreading process. Amoeba or neutrophils, which move around considerably
faster than fibroblasts, extend another type of protrusion called pseudopods towards
the chemoattractant molecules [96]. The pseudopod is much thicker than
lamellipodium but also contains actin filament network. Another membranous
protrusive structure is a filopodium. Filopodium is a finger-like protrusion and is
~100 nm thick, a few microns long. It contains a bundle of actin filaments (Fig. 7.19,

Fig. 7.18 Spreading and polarization of a fibroblast cell. Panel a, a Swiss 3 T3 fibroblast 1 h after
the adhesion to a glass surface. Bar, 20 pm. Panel b, the same cell after 5 h. Initially, the cell formed
a numerous lamellipodia, thin, veil-like structures protruded toward every direction (white arrows).
Later, the cell became polarized with most lamellipodia residing in upper left and lower right of the
cell (arrows); a number of stress fibers (black arrowheads) were formed. (Fluorescence micrographs
by Yosuke Senju, Department of Physics, Tohoku University)
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Fig. 7.19 Fluorescence
micrographs of actin
filaments along the
periphery of a Swiss 3 T3
fibroblast cell. Actin
filaments were stained with
rhodamine-conjugated
phalloidin. Filopodia
penetrating a lemellipodium
are indicated with arrows.
Filament bundles are
indicated with thin arrows.
(Fluorescence micrographs
by Daisuke Nobezawa,
Department of Physics,
Tohoku University)

white arrows). As in lamellipodium, the barbed ends of individual filaments are
facing toward the tip of filopodium. Like lamellipodium, filopodium also dynami-
cally extends and retracts from the cell edge. The rate of filopodium extension has
been measured to be ~1 pm/min [97].

Lamellipodia and filopodia seem to cooperate with each other during the move-
ment of the cell. For example, in the neuronal cell, the growth cone resides at the
front end of a neurite, a long process extending out of the cell body [90]. The growth
cone has a fan-like lamellipodium and drives the extension of the neurite. The
growth cone is penetrated by a number of long filopodia [98]. Similar feature also
observed with fibroblasts. During the neurite extension, filopodia play a significant
role of pathfinding through the search for signaling molecule and attachment to the
substrate [99, 100]. Filopodia serves as a pathfinder it first extends and attaches to the
surface. If myosin moving on the actin bundle is bound to the cell membrane, this
movement will drive the extension of lalmellipdium [101]. This mechanism has also
been a candidate for the mechanism of the extension of lamellipodia (Sect. 7.16).

7.11 Actin Stress Fiber and Focal Adhesion

In non-muscle cells actin filament bundles are formed by actin bundling proteins
such as alpha-actinin. Alpha-actinin bundles actin filaments in anti-parallel fashion
[102]. Upon interaction with bipolar myosin II filaments, the actin bundles form a
muscle-like, inter-digitated structure. This structure is called stress fiber (Fig. 7.18b,
black arrowheads; Fig. 7.20 for schematic representation). They are so called
because they are contractile and generate a tension. In the stress fiber, actin filaments
are bound by tropomyosin [103]. Tropomyosin does not play a regulatory role, but
increases the stability of the filament against depolymerization. The contractile
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Fig.7.20 A highly schematic representation stress fiber and a focal adhesion. One end of the stress
fiber is attached the focal adhesion from which actin polymerization and hence, the growth of the
stress fiber occurs. The detail of the growth has not been elucidated, but two major processes have
been proposed (Hotulainen and Lappaleinen [103], see text). The resultant actin filament is
represented with arrows, which also indicates the direction of the contraction upon the generation
of the contractile force by myosin filament, as in muscle contraction

forces generated by the stress fiber are utilized in many processes such as cell
adhesion (development of the adhesion) or crawling (contraction of the cell body).
The similarity among the constituents between muscle and the contractile nature of
the stress fiber has suggested that the stress fiber is a prototype of muscle [105].

Within the cell, stress fibers are linked to the cluster of integrin heterodimers. The
integrin cluster plays a central role in forming a specialized structure called focal
adhesion. As described before, the extracellular partner of the integrin heterodimer
varies according to the combination of alpha- and beta-integrin. For example, alpha-
5- beta-1-integrin binds to an extracellular matrix protein, fibronectin. The binding
alters the conformation of integrin and as a result, the intracellular signaling path-
ways are activated [83, 84]. This leads to the formation of stress fibers [105].

The cytoplasmic domain of integrin is linked to stress fiber through a protein
called talin (see next paragraph). Other proteins residing at the focal adhesion
include kindlin, vinculin and focal adhesion kinase, to name a few ([105-107]).
The growth of the actin filament from the focal adhesion is promoted by the actin-
nucleating protein, formin, which is activated by a small GTPase, cdc42 (Sect. 7.15)
and nucleates the polymerization at the barbed end [108]. This activity of formin
localizes to the site of polymerization at the barbed end. As a result, the filament
grows from the focal adhesion toward the pointed end (the bold arrow in Fig. 7.20
schematically represents an actin filament with the direction from the barbed to
the pointed end). This filament is bridged by the bipolar myosin filament to another
actin filament that grows in the opposite direction from another focal adhesion The
resultant structure allows the contraction of the stress fiber. The stress fiber is also
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formed by bridging the actomyosin bundle grown from the focal adhesion to the
actin bundles formed beneath the upper surface of the cell [104, 109, 110]. Formation
of the bundle structure of filaments with opposing orientation is achieved by alpha-
actinin.

The focal adhesion bears the tension generated by the stress fiber. Interestingly,
this tension is necessary for the maintenance of the stress fiber itself [111]. This
interesting property has led to a suggestion that the contractile force acting within the
actin network gathers actin filaments [112]. In a number of studies (eg., [113]),
application of a uni-axial force to the cell aligns actin filaments along the force axis
to generate a fibrous bundle-like actin structure. The decreased ATPase activity
(corresponding to the contractile force) of myosin II by inhibitors resulted in the loss
of fibrous structure, whereas removal of inhibitors resulted in the re-appearance of
the fibrous structures. Thus, the external force plays important roles in the stress fiber
maintenance and formation. In particular, it enhances the linkage of actin filament to
integrin cluster; talin, an actin-crosslinking protein, makes a weak bond with actin
filament, but under the external force, it undergoes a conformational change and
becomes able to bind to another protein, vinculin, that also binds to actin filament,
establishing more stable contact between the actin filament and the integrin cluster
([114] and references therein). Second, the external force recruits another protein,
zyxin, to focal adhesion and in the middle of the stress fiber [115]. It is hypothesized
that zyxin is activated by the external force and then recruits a protein, Ena/VASP, to
the focal adhesion and to the middle of stress fiber. Ena/VASP mediates the
extracellular signal to nucleation of actin polymerization by binding to both receptor
and the nucleator for the polymerization [116]. For the sensing of the external force,
mechano-sensing protein(s) has been postulated to localize to stress fiber and focal
adhesion to which zyxin is bound [115].

Contraction-competent stress fiber has been isolated [104], indicating that the
stress fiber is an independent entity. On the other hand, it has been shown that
fluorescently labeled actin is rapidly incorporated into pre-existing stress fiber [117]
and that fluorescently-labeled alpha-actinin constantly exchanged [118]. The rapid
turnover of actin in stress fiber and the stability of the stress fiber seem to be difficult
to reconcile, but the latter may be because of the use of low ionic strength buffer
devoid of ATP, under which actin-myosin interaction is strong and stabilized the
isolated bundle structure.

7.12 Actin Filaments in Lamellipodium and Lamella

Fluorescent staining of cellular actin demonstrated that there are two major staining
patterns in the cell: uniform staining that is prominent in lamellipodia and streaks
penetrating through the uniform staining (Fig. 7.19 and 7.21a). The former is
thought to represent an actin filament network in lamellipodium and the latter the
stress fiber/bundle continuing to the filopodium. Intracellular myosin II visualized by
immunofluorescence microscopy, as shown in Fig. 7.21b, is found to distribute in
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Fig.7.21 Comparison of the distribution of actin and myosin in the same mouse fibroblast. Panel a,
A fluorescence micrograph of a fibroblast cell fluorescently stained for actin filaments with
rhodamine-conjugated phalloidin. White arrows indicate lamellipodia region. The asterisk indicates
the lamella region. “PN” indicates the perinuclear region. Panel b, The same region of the cell, but
stained for myosin: the spots (arrows) probably represent myosin filaments. The boundary of the
lamellipodium is indicated with a white dashed line. It is apparent that the staining pattern of myosin
is different from actin: the myosin does not appear in lamellipodia, but colocalize to the lamella
region with actin filaments

dot-like patterns in the region behind the lamellipodium. This region is called
lamella [95, 119, 120]. As mentioned above, myosin II forms a bipolar filament
and almost exclusively resides in lamella region [95, 119]. The meshwork of actin
filaments in lamellipodium is thought to be formed by crosslinking activity of a
protein called ABP (actin binding protein) and filamin. These proteins are consisted
of two flexible subunits and crosslinks two actin filaments in diagonal fashion
[121]. The absence or scarce distribution of myosin II in lamellipodia is consistent
with a notion that if the myosin II-based contraction occurs in lamellipodia, the
protrusion will be hampered. Hence, the contraction of actin-myosin II system does
not seem to serve as the mechanism of the protrusion of lamellipodia. Nevertheless, a
mechanism involving contractile activity has been proposed (see below).

7.13 Actin Polymerization and Lamellipodial/Filopodial
Protrusion

In a lamellipodium actin filaments are oriented with their barbed ends facing toward
the lamellipodial edge. The consensus is that the actin network grows toward the
lamellipodial edge [122—124], which is the same as the direction of the extension of
lamellipodia. Growth of actin filaments occurs immediately beneath lamellipodial
edge, suggesting that the lamellipodial extension is driven by a local polymerization
event. This notion is supported by the observation that the protrusion of lamellipodia
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is halted when the growth of actin filaments is inhibited by cytochalasin, a mold
toxin that binds to the barbed end of actin filament and blocks the turnover of actin
there [125, 126]. Based on this observation and the absence of the myosin II in
lamellipodium, it has been postulated that the growing actin filaments push out the
membrane. The flexible nature of individual actin filaments seems to be impossible
to be reconciled with this notion, but the mechanical weakness is probably compen-
sated by the existence of the large number of the cross-linked filaments immediately
beneath the lamellipodial edge as schematically shown in Fig. 7.22a [124, 127].

In the case of filopodium, the extension occurs at the structure called tip complex
that resides at the tip of filopodium. In the tip complex, nucleation of actin poly-
merization at the barbed end is promoted by the actin-nucleating protein, formin that
enables the pre-existing filament incorporating actin monomer albeit the presence of
an acitn-sequestering protein. The activity of formin is under the control of a small
GTPase called cdc42 [128].

7.14 Actin Turnover in Lamellipodium

In fast-moving cell like keratocyte, the protrusive growth of lamellipodia should be
fast, if the protrusion is intimately coupled to the growth of the actin filament. For
example, if a keratocyte moves at ~20 pm/min [129], the rate of protrusion is the
same, because in keratocyte moving without changing its shape, the velocity of
protrusion is the same as that of the tail retraction. Assuming that the protrusion is
driven by actin polymerization, the rate of the elongation of actin filaments along the
direction of the extension of the lamellipodial edge is also the same as the moving
velocity. Then, the rate of the addition of monomer to individual filament should be
~100 monomer/s (individual filaments are impinging on the edge at angles around
50 degrees; modal value measured in fibroblast; [130], but this will not quantitatively
change the conclusion here).

In this situation, the actin monomer concentration should be high in the vicinity of
the cell edge. Synthesis of actin is probably too slow to achieve the high concentra-
tion [131]. Thus, the supply of actin monomer must come from the actin network. It
is known that the actin filaments in the network depolymerize at the rear of the
network. Therefore, the actin monomer generated by depolymerization is likely to
contribute to the supply of actin monomer. Still, the intrinsic rate of depolymeriza-
tion in the intracellular ionic condition is too slow (7.6 monomer per second; [42]).
Cell utilizes two strategies to circumvent this problem. One is to accelerate the
depolymerization at the pointed end. This is achieved by a combination of the
severing of actin filaments by weakening the inter-protomer binding in the filament
(see below) at the back of the network and the capping of some barbed ends by a
capping protein in the vicinity of lamellipodial edge. The severing will increase the
number of pointed ends, and hence, increase the number of the dissociating mono-
mer. The dissociated monomer is sequestered by monomer sequestering proteins
such as thymosin beta-4 and profilin to prevent the re-polymerization. The capping
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Fig. 7.22 Dynamics of actin in lamellipodium of a mouse fibroblast. Panel a, left panel: the fusion
protein of red-fluorescent protein and actin in another lamellipodium of Swiss3T3 fibroblast. The
white box indicates the part of lamellipdodium; the black box indicates a part of lamellum, which
resides behind the lamellipodium. Bar = 5 pm. Right panel: a skematic representation of the
arrangement of actin and myosin filaments in lamellipodium and lamellum (after [95]). Triangle:
actin monomer with the shortest side indicating the barbed end; H-shaped structure, bipolar myosin
filament; crescent, an actin cross-linking protein; rectangle, an actin-bundling protein. Actin
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at barbed ends will decrease the number of growth competent filaments but will
increase the length of the growth per filament, because the monomer per filament
available for the polymerization increases. This will reduce the protrusive force, but
if the external force is not very large, the faster protrusion will be possible. This is
called funneling effect [132].

The depolymerization of the actin filaments at the back of lamellipodium occurs
after the filaments are transported by the backward motion of the actin network. This
backward motion is called retrograde flow as shown in Fig. 7.22b; [120, 133]. Myosin
II is assumed to participate in this process. Quite interestingly, it has been suggested
that the retrograde flow contributes to the facilitation of severing of actin filament by
the contractile force [134]. The involvement of myosin may depend on the cell
system because in one type of fibroblast cell, the velocity of the retrograde flow was
little affected by the inhibitors of myosin II activity [120].

Since the intracellular ionic environment (ie., ~0.1 M K* and/or 1 mM Mg2+) is
not suitable for depolymerization of actin, actin depolymerizing factor (ADF)/cofilin
plays the central role in the accelerated depolymerization [132, 135-137], as men-
tioned above. The crystal structure of the actin monomer complexed with a fragment
of an actin depolymerizing factor called twinfilin has been solved [138]. This protein
has an actin interacting domain that is common among ADF, and its binding to actin
filament was found to cause the weakening of the interaction among protomers,
suggesting the facilitation of the depolymerization. As mentioned above, the actin
monomer thus formed is bound by actin-sequestering proteins, thymosin beta-4 and
profilin, which suppress spontaneous polymerization. Actin is then transported from
the rear to the cell edge. The passive diffusion alone may be too slow for the
monomer supply and it has been suggested that some facilitating transport mecha-
nism is involved [139].

<
«

Fig. 7.22 (continued) monomers polymerize to the barbed ends of actin filaments, which are facing
toward the lamellipodial edge. On the other hand, after the network is transported backward, the
filaments in the network are severed by a protein, ADF/cofilin (not shown) and individual mono-
mers coming off the pointed ends are sequestered by proteins, thymosin beata-4 and profilin (not
shown). The actin monomers complexed with thymosin beta-4 or profilin are unpolymerizable and
are transported to the front edge of lamellipodium (dashed arrow; after [127, 128]). This is the
turnover of actin in lamellipodium. The contractile force exerted on actin filaments by myosin II
may facilitate depolymerization as well as the retrograde flow. Panel b, an example of the retrograde
flow of actin bundles in lamellipodium. Actin is fused to red-fluorescent protein and visualized by
epi-fluorescence microscopy. Shown in the upper panel is the lamellipodium; many white streaks
represent actin bundles. The lower panel shows time-lapse images of the area in the box indicated in
the upper panel. Each tile was extracted every 6 s. Black dotted lines connect the positions of the
bright fluorescent clusters probably formed by chance at different locations on the bundles. Because
the actin bundles grow immediately beneath the lamellipodial edge and transported backward along
with the retrograde flow of the actin network in the lamellipodium, those fluorescent spots moved at
the same rate toward the back of lamellipodium. As a result, slopes of the three dotted lines, which
represent the velocities of individual spots, are almost the same. Another remarkable feature is the
actin bundles become obscure at the back of lamellipodium as indicated with the white triangle due
to depolymerizaton of actin. Bar = 10 pm
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7.15 Extracellular Signaling and Regulation of Actin
Polymerization

As mentioned previously, actin polymerization is regulated by small GTPases: there
are three types of Rho family proteins (RhoA, Rac 1 and cdc42). RhoA is involved in
the formation of stress fibers, Racl is involved in the formation of actin network in
lamellipodium, and cdc42 is involved in the formation of bundle in filopodium
[140]. The function of small GTPase is regulated by the extracellular signals such as
thrombin or various growth factors. These molecules bind to transmembrane recep-
tors, and those receptors activate a heterotrimeric G protein (a complex of alpha-,
beta- and gamma-subunits). As a result of the activation, the alpha-subunit dissociate
from the beta-gamma subunits. The former and the latter subunits are respectively
involved in the activation of small GTPases [140-143]. In the absence of the
extracellular signals, the small GTPase binds GDP and remains inert (OFF state);
the OFF state is stabilized by a protein called GDI that inhibits the dissociation of
the bound GDP. In the activation, the bound GDP is exchanged with GTP by a
protein called guanine nucleotide exchange factor (GEF). GEF is activated by the
alpha- or beta-gamma-subunit of the heterotrimeric G protein and facilitates the
dissociation of GDP from the small GTPase. The small GTPase thus is brought to the
GTP-bound (ON) state (Fig. 7.23). The small GTPase binds to adaptor proteins that
transmit the signal so that the process of nucleation of actin polymerization is
activated. The activation of a small GTPase is thus under a multiple regulation.
This is natural because as mentioned above, in the cell, without regulation actin
would polymerize at any location.

The transduction of the signal from small GTPases to the localized actin poly-
merization depends on another group of proteins that promote the nucleation of actin
polymerization and are localized to the cell membrane. To take a lamellipodium as
an example, the factor that promotes the nucleation of actin is Arp2/3 protein
complex that allows the branched growth of the actin filament from the barbed end
[144]. A nucleator, arp2/3 is bound to and activated by WASP (Wiskott-Aldrich
syndrome protein) family proteins (WASP, N-WASP and WAVE; [145]). These
proteins are localized to the cell membrane and targets of the activated small
GTPases; in the case of lamellipodium, the small GTPase is Rac, which has a
hydrocarbon chain attached by the posttranslational modification, and hence, is
localized to the cell membrane. Rac interacts with WAVE and activates the nucle-
ating activity of arp2/3. Likewise, Cdc42 and arp2/3 interact with N-WASP in the
formation of filopodium. Hence, the extracellular signal is translated into actin
dynamics through the activation of the actin-nucleating proteins.
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Fig. 7.23 Conversion of an extracellular signal to intracellular process (here, actin dynamics). The
binding of external stimuli such as growth factor to the receptor starts the signaling cascade. The
heterotrimeric G-protein (a complex of alpha, beta and gamma subunits; the alpha-subunit binds
and hydrolyzes GTP) is activated by the stimulus-bound receptor: the GDP bound to the alpha
subunit is exchanged to GTP. The beta-gamma subunits remain associated and may be involved in
the downstream activation process. The GTP will be hydrolyzed after some time and the trimer is
formed again, leading to the de-activation. In the activated state, the subunits bind to GEF and
activate it. The activated GEF then stimulates the exchange of GDP that is bound to a small GTPase
(Rho, Rac or cdc 42) to GTP. This turns on the small GTPase and then activates the adaptor proteins
such as N-WASP or WAVE at the cell membrane. The adaptor proteins then activate the nucleator
of actin polymerization such as Arp2/3 or formin. Arp 2/3 is activated by Rac and participates in the
formation of actin network in lamellipodia, while formin is activated by Rho or cdc42 and
participates in the formation of filopodia or stress fibers

7.16 Actin-Based Biological Movements: Protrusion
of Lamellipodium

As descriobed above, lamellipodium protrudes as a result of the growth of the
underlying actin network. Because individual actin filaments grow toward the cell
edge, they eventually hit the cell membrane. One would expect that the growing
actin filaments will push the lamellipodal membrane. This idea led to a theoretical
proposal that the growth of actin filament or shrinkage of microtubule is capable of
producing mechanical work [146]. The possibility of the force generation by the
growing or shrinking biopolymers has been analyzed on the basis of irreversible
thermodynamics (see Sect. 7.21, [147]).

Actually, polymerization has to occur at the interface between the cell membrane
and the tip of individual actin filaments and this will not be possible, unless the gap
opens between the barbed end of the filament and the cell membrane to allow a
monomer to polymerize onto the barbed end. One possible mechanism to create the
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Fig. 7.24 Several ways to create the gap between the tip of actin filament and the lamellipodial
membrane. Panel a, thermal fluctuation of the cell membrane creates a gap; Panel b, thermally
activated bending of an actin filament; in this case the elongated filament elastically push the
membrane, when it bends back; Panel c, pulling of the membrane above the lamellipodial actin
network driven by a membrane-bound myosin, such as myosin-I; Panel d, bleb-driven protrusive
formation (see text)

gap is thermal fluctuation of cell membrane and/or actin filament abutting the
membrane (Fig. 7.24a, b; [148]). The fluctuation models yield relationships between
the stall force (the force that halts the elongation of the filament) and the monomer
concentration in the solution. Another mechanism involves membrane-bound single-
headed myosin (eg., myosin I in Acahthamoeba Castellani and Dictyostelium
discoideum; [149, 150]). The membrane bound myosin I moves on the actin filament
toward the barbed end (ie., toward the cell front) of an actin filament, which is fixed
to the substrate (Fig. 7.24c). Then, as mentioned before, the membrane that is linked
to the myosin I will be pulled forward, creating a gap between the tip of the actin
filament and the membrane [151]. It is noted that in highly motile cells such as
amoeba and cancer cells, the protrusion of the front edge has been shown to occur
through the phenomenon called blebbing. The bleb is a hemispherical dome of lipid
membrane which has been dissociated from the cell cortex (= membrane + actin
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membrane skeleton + membrane-bound myosin; [152]). The bleb is created by the
increase in the intracellular pressure due to the contraction of the cell cortex
(Fig. 7.24d represents the contraction of the tail of the cell). In this case, polymer-
izing actin will fill the space in the bleb to form a protrusion (pseudopod in ameba;
[153, 154]). The blebbing-based protrusive growth seems to be suitable for quick
determination of the direction of the cell in response to the change in the distribution
of extracellular signaling molecules.

It seems that living organisms have achieved the protrusive activity by utilizing
every possible mechanism that probably had been explored in the process of
evolution.

7.17 Other Motility Based on Actin Polymerization

The motility depending on the actin polymerization is often called “actin-based
motility”. There seem to be a number of modifications in coupling of actin poly-
merization to the biological work. Acrosomal reaction, in which the elongation of
the structure called acrosomal process from the head of the sperm of sea cucumber,
Thyone, in the initial stage of fertilization, is thought to be an example of the
polymerization-coupled force generation [155, 156]. At the base of the future
acrosomal process in the sperm head, actin is complexed with an actin binding
protein that prevents the polymerization of monomer and hence is stored as a
non-polymerized form. In the acrosomal reaction, the tip of the head comes into
contact with the jelly coat layer of the egg, and actin is freed from the binding protein
that had prohibited the polymerization. Like in lamellipodium, the freed actin rapidly
polymerizes toward the tip to form the acrosomal process filled with actin bundle;
there is no myosin II in the acrsosomal process. The rate of elongation, ~10 pm/s,
seemed to be unable to be caught up by diffusion of actin from the base of the
acrosome [155], but later, the discrepancy has been interpreted as the increased rate
of actin transport by decrease in the volume of the actin reservoir and the increase in
the chemical potential of actin monomer due to the high actin concentration
[156]. This model has suggested that the speed of the extension is limited by the
rate of delivery; the mechanism of the generation of the work may be the same as
what is operating in lamellipodia, although it was not specified in the acrosomal
study.

Another example of the actin-based motility is the propulsion of bacteria such as
Listeria and Shigella in cytoplasm [90]. These bacteria enter the cell through
phagocytosis (ingestion of small particles by invagination of the cell membrane).
After entering the cell it moves around in the cytoplasm at 1 to 10 pm/s, depending
on bacteria species, evading the host defense mechanism. At the end of the intracel-
lular stage of its life cycle, the bacterium pushes the cell membrane and a long
process is formed. This membranous process is phagocytosed by the surrounding
cells and the bacteria further spread. Electron microscopy demonstrated that the
intracellular trail of the moving bacterium (called comet due to the morphological
similarity) contains actin of the host cell [157], and that the barbed end of each
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filament was facing to the bacterial surface [158]. Since the complex is enriched in
the rear region of the bacterial body, and neither myosin II nor non-muscle myosin
has been found in that region, polymerization of actin was likely to push the
bacterium forward.

Listeria possesses a membrane protein ActA on its surface to utilize the host cell
actin. It has been demonstrated [159] that Act A allows the polymerization of actin at
or near the bacterial surface. This protein contains domains that bind arp2/3, actin
and VASP. With ActA, Listeria utilizes the cellular machinery to nucleate the actin
polymerization in the vicinity of bacterial surface and convert the polymerization
into a mechanical work to penetrate the crowded cytoplasm. In case of another
bacterium, Shigella, IcsA, like cdc42, promotes actin polymerization by activating
N-WASP (Neural Wiscott-Aldrich Syndrome Protein), the activator of Arp2/3
complex.

The actin polymerization-based, comet-type motility seems to be quite general,
because it is not limited to the motility of micro-organisms. The actin polymerization
has been observed in the transport of a membrane vesicle called endosome that are
formed in the process of endocytosis (invagination and subsequent closure of the cell
membrane [24]). The vesicle binds N-WASP, forming a comet tail at its back
[160]. Thus, the bacteria and endosomes seem to utilize the regulatory machinery
that induces actin polymerization on the cell membranes. As described earlier, the
membrane vesicles are transported on actin filament or microtubule by appropriate
motor proteins (myosin I, V, VI, kinesin, and cytoplasmic dynein [161, 162]). Thus,
the intracellular transport of endosomes seems to be supported by the two very dif-
ferent mechanisms.

Another remarkable example is that of the sperm of a nematode, Ascaris. Like
animal cells, Ascaris sperm crawls on the surface by extending lamellipodium at the
front, followed by the retraction of the tail [163]. In the lamellipodium, neither actin
nor myosin is present, but a dimer of major sperm protein (MSP) is structured into
the filamentous network in the front edge; the MSP dissociates at the back of the
lamellipodium.

7.18 Polymerization Force Developed by Lamellipodium

7.18.1 Keratocyte: Measurement with Atomic Force
Microscope

Protrusive force developed by the lamellipodia of keratocyte has been measured by
atomic force microscopy [164]. In this study the force was measured by the
deflection of an AFM cantilever, which had been placed vertically with its back
pushed against the lamellipodial edge. Forces on the order of nanonewton were
developed by the lamellipodial edge; this was apparent from a considerable inden-
tation of the cell edge around the cantilever. The result demonstrates that a large
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force was developed by the lamellipodium and the lamellipodium was compliant
(the elastic constant of lamellipodia of fibroblast has been measured to be ~0.5 kPa;
[165]). A previous study using a glass microneedle found the forces on the similar
magnitude required to stall the locomotion of keratocyte (= protrusive force; [166]).
What was remarkable in the AFM study was that the measured force-velocity curve
was similar to what has been predicted from the elastic ratchet mechanism. Thus, the
velocity slowly decreased in the small force regime, but it decreased sharply when
the force reached ~1 nanonewton; the relation was qualitatively different from the
prediction of the thermal ratchet mechanism, which showed a concave dependence
of the velocity on the force. The magnitude of the force on the order of nanonewton
is indeed expected from the thermodynamically determined force developed by
polymerizing actin filament (~a few piconewton) and the number density of the
filaments estimated for the edge of fibroblast (roughly 150/pm cell edge; [127, 167]
and the width of ~5 microns for the region of the lamellipodium of keratocyte, which
pushes the AFM cantilever). Thus, the elastic ratchet model can explain both
qualitatively and quantitatively the protrusion of keratocyte lamellipodia.

7.18.2 Fibroblasts: Measurement with Optical Trapping
Technique

However, in some cases, much lower forces have been shown to affect the
lamellipodial protrusion. For exmaple, lamellipodium extending from a fibroblast
cell has been shown to be halted by the water flow from a glass capillary with a
micron-sized opening [168]. Hydrodynamic calculation indicated that the force
exerted on the lamellipodium is a few piconewtons/um of the front edge. The
experiment has shown that the hydrodynamic force immediately halted the protru-
sion. The interference contrast microscopy has suggested that this was due to the
dissociation of the cell edge, which would have resulted in the incomplete adhesion
of the extended lamellipodium, not the counterforce against the polymerization
force. This result demonstrates that the lamellipodial protrusion is a complex process
in which not only the magnitude of the force, but also the conversion of the
protrusive motion to the advancement of the cell edge through the attachment is
important.

In another case, the optical trapping technique was used to exert piconewton
forces on extending lamellipodium (Fig. 7.25; [169]). In this experiment, a micron-
sized polystyrene bead (probe-bead) was held by the optical trap that was created by
focusing an infra-red laser beam of up to a few mW. As described in Sect. 3.7.2, the
trap is characterized by a spring constant trap stiffness, k. With this technique,
lamellipodial activity of fibroblast cells was measured. The cell was observed by
phase-contrast video microscopy and a bead held in the trap (the k value ranged from
0.01 pN/nm to 0.1 pN/nm) was contacted the edge of a lamellipodium to probe the
movement of the lamellipodium.
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Fig. 7.25 Measurement of lamellipodial dynamics by optical trapping technique. An optical trap
implemented in a phase contrast microscope: an infra-red laser beam was focused with an objective
lens (numerical aperture = 1.3) to create the optical trap at the focal point. A 1 pm plastic bead was
trapped and was contacted with the lamellipodium; the phase-contrast micrograph on the
right exhibits an example of the contact during the experiment. The actual displacement was so
minute that it could not be discerned by eye

It was found that the velocity of the probe-bead increased and reached a maximal
value, V.« then decreased to zero. The decrease was somewhat unexpected,
because the cell edge on the both sides of the probe bead seemed to continuously
advance at the same time. The decrease may be a phenomenon similar to that
observed with the lamellipodia under the water flow; the continuous protrusion of
the lamellipodium around the bead suggests that the bead affected the lamellipodial
motion rather locally (microscopic observation implied that the movement of the
edge was not affected when the edge was ~1 pm away from the bead).

During the protrusive phase, correlation existed between the V ..« and the veloc-
ity of the bead estimated from kymograph of the bead, as one might expect. One
would also expect that the V., value decreased when a few pN forces was applied
and the V., values decreased with the trap force, F,,.x, which was calculated by k x
Xmax, Where X, corresponds to the displacement at which the velocity was V..
However, as shown in Fig. 7.26a, even at the same F\,,y, the V.., scattered over a
wide range indicating no dependence of V,,,,x on the trap force.

It seemed that the result simply reflected a scattering of data. Actually, the
ensemble-averaged V,,,x monotonically decreased with the trap stiffness
(Fig. 7.26b), making the scatter unlikely to be due to an experimental error. This
plot implies that the more restricted movement of the probe-bead was in the stiffer
trap was reflected in the velocity. One would argue that this is not surprising, because
the probe held by a “weak spring” will move with smaller forces. However, the
analysis or the degree of fluctuation suggested that this view had to be modified. The
size of the fluctuation of the probe-bead was calculated from the square-root of the
accumulated power spectral density of the fluctuation [169]. It was maximally
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Fig.7.26 Results of the measurement of lamellipodial protrusion by the optical trapping technique.
Panel a, the relation between the Vi.x and F(Vj.x). The F(V.x) values were calculated by
multiplying the trap stiffness and the distance at which the V,,,x value was obtained; a simple
decreasing tendency was expected for the collection of these plots, but there was no such correla-
tion. Panel b, the relation between V., and trap stiffness; the V,,.x values decreased with the trap
stiffness, implying that the movement could be related to the fluctuation of the bead contacting the
lamellipodial edge

~20 nm at the lowest trap stiffness and decreased with the trap stiffness. The size of
the fluctuation also decreased with the trap stiffness for the bead that did not contact
with the cell edge, executing only a Brownian motion in the trap (non-contacting
bead). However, the size of the fluctuation of the probe-bead was significantly larger
than that of the non-contacting bead. Thus, the fluctuation seemed to arise not only
from Brownian motion but from some additional, active mechanism. It has been
suggested that the excess fluctuation of the probe-bead was specific to the live cell,
and its size exhibited a positive correlation with the protrusive velocity [169]. Thus,
at least in the fibroblast cell, the excess fluctuation was produced in the protrusive
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process of lamellipodium. The source of the fluctuation has not been elucidated in
that study. Inhibition of the polymerization by cytochalasin or by depletion of ATP
significantly lowered the degree of fluctuation. These results are consistent with the
energy-requiring actin turnover is involved in the protrusive process, but it may
simply indicate the requirement of the intact network structure.

Cell is a multi-scale entity and fluctuations must occur on a wide range of spatial
and temporal scales. This is indeed the case, because fluctuations measured by
optical microscopy exhibit various spectral characteristics [170—-172]. Some fluctu-
ations that have been revealed in other studies is an order of magnitude lower than
that observed with the optical trapping technique, but the fluctuation detected on the
apical (top) surface of the cell in one study [171] seems to have similar frequency
range (a few Hz). Thus, although the location of the fluctuation was different
between two studies, these fluctuations may share a common mechanism.

7.18.3 What Fluctuates?

One may attribute the difference between the results obtained with AFM technique
and the optical trapping technique to the different cell type (ie.,
keratocyte vs. fibroblast). But the commonality of the basic construction of
lamellipodia of these cells (actin network wrapped in the cell membrane) and
necessity of actin polymerization for the protrusion make this notion unlikely.
Suppose the fluctuation-aided lamellipdial protrusion did occur, it will be natural
to assume that both the fluctuation of lipid membrane and the fluctuation of actin
filament were involved in the protrusive process. The lipid bilayer membrane is
highly flexible: its out-of-plane amplitude of thermal fluctuation [85, 173] is esti-
mated to be ~7 nm for 1 pm X 1 pm membrane (~size of the probe-bead used in the
optical trapping measurement) in the presence of a lateral membrane tension
(0.01 pN/nm; [174]). Hence, the thermal fluctuation of the membrane will create
the gap sufficiently large for the insertion of an actin monomer. However, since the
membrane tension is on the same or only slightly higher than the trap stiffness, the
membrane fluctuation will be readily suppressed by the bead in a stiffer trap (k is up
to 0.1 pN/nm).

On the other hand, the cantilever of the atomic force microscope is much stiffer
(10-100 pN/nm). Thus, the membrane will be unable to fluctuate under the AFM
cantilever. In this case, however, the fluctuation of actin filament will allow the
growth of the actin filament as has been proposed. If a single 30 nm actin filament
bends, the stiffness will be 0.01 pN/nm [175, 176]. The bending creates the ~1.8 nm
gap between the filament tip and the cell membrane (assumed to be flat). This is
comparable to the gap created by the fluctuating membrane. Of course, the stiffness
of the cantilever is much larger than that of a single actin filament, but as mentioned
earlier, the load can be borne by many filaments (= 100 filaments per pm edge of
lamellipodium [95, 127]. Hence, the growth of the will be possible. This notion is
consistent with the result of an experiment using purified actin and ActA [177].
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In in vivo situation, the imbalance in the osmotic pressure will inflate the cell
resulting in the increased membrane tension, and also various other loads will be
exerted against the protrusion. For example, immune cells must crawl through the
cells constituting the blood vessel wall. Penetrating the membrane protrusion into
the space between cells will impose a considerable resistance against the protrusion.
The co-existence of the fluctuation of the cell membrane and actin filaments will be
advantageous under these circumstances.

7.19 Reconstituted Systems to Study the Polymerization-
Based Phenomena

7.19.1 Actin-Liposome System

In this section, mimicking the growth of the protrusions of the cell edge by using an
actin-encapsulating liposome is described. Two studies appeared in the early stage of
the research. In one study [178], micron-sized liposomes containing actin monomer
were formed by swelling the lipid film in a solution containing actin monomer. The
actin-encapsulating liposomes were observed under light microscope. The actin
monomer in liposomes was polymerized by K* ions that were introduced using an
ionophore. Polymerization of encapsulated actin was confirmed by fluorescence
photo- bleaching recovery (FPR; Sect. 3.6.2) of the actin that had been fluorescently
labeled with rhodamine. As a result of polymerization, the liposome assumed
irregular shapes. Actin crosslinking protein filamin altered the final shape of the
liposome to less irregular shapes suggesting that the lipid membranes could be
sculpted by the structures formed by the combination of actin filaments and actin
crosslinking proteins.

Another study [36] also observed actin-containing liposomes, but showing the
process of morphological changes. Actin was allowed to slowly polymerize with a
low concentration of Ca®* ions that had been co-encapsulated on ice with actin
monomers. Polymerization was initiated by raising temperature from 5 °C to 30 °C.
With the progress of the polymerization, the shape of the liposome changed from
spherical to a disk- or a racket-like shape. In both types of liposomes, birefringence
was observed along the contour of the deformed liposomes, which was interpreted as
an alignment of actin filaments along the liposome contour. The shape change
occurred slowly over several tens of minutes concomitant with the actin polymeri-
zation (the actin polymerization was separately confirmed by an increase in the light
scattering of the actin solution).

The time scale of the above experiment was much longer than the time scale of
the dynamics of lamellipodia (several tens of seconds in amoeba cell and in
mammalian cells). Therefore, a method was developed that allowed faster polymer-
ization [179]. To accelerate polymerization, polymerization nuclei (fragments of
actin filaments) were incorporated with actin monomer. But most importantly,
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polymerization was driven by K* ions introduced by the technique called electro-
poration. In the electroporation process, electric pulses were applied to actin-
containing liposomes to transiently increase the permeability of the membrane to
ions [180], which would allow a inward flow of K* ions, which had been included in
the external solution. Indeed, after the application of electric pulse, liposomes
changed their shape over ~1 min; it finally assumed ellipsoidal shape. The polymer-
ization was confirmed by the diminished Brownian motion of 1 pm polystyrene
beads that had been co-encapsulated with actin. Some liposomes even developed
large protrusions on the similar time scale. Protrusions thus developed lasted for at
least 10 min without notable change in their length or thickness suggesting the
structural stability of the protrusion. The observation of fluorescently labeled actin
monomer revealed that actin (probably in the filamentous form) filled the protrusion.
These observations collectively led to a suggestion that the protrusive growth was a
result of actin polymerization. The difference in the shape of liposomes between two
studies might be due to the different time scales on which the polymerization
occurred.

Fluorescently-labeled actin filaments have been shown to execute vigorous
thermal fluctuation indicating the highly flexible nature of then filament
[181]. Lipid membrane is also highly flexible, as mentioned earlier [85, 173]. There-
fore, the development of the stable protrusions especially a long protrusion, could be
possible, only if many filaments are oriented in the same direction and grew
simultaneously; the maintenance of the protrusion would be only possible when
the protrusion was filled with actin filaments, as actually observed. In a later study
fascin that bundles actin filaments in the same polarity [182], or alpha-actinin, which
bundles actin filaments in opposite directions both developed thin, but highly rigid
protrusions [183]. This must have been a result of the mechanical strength of the
bundled actin filaments [184, 185].

In the case of the slow polymerization with Ca** ions [36], alignment of actin
filaments could be a result of steric interaction between the lipid membrane and
growing actin filaments. On the other hand, the fast protrusive growth occurred after
the electroporation might be initiated by the localized but large mechanical defor-
mation (budding) of the lipid membrane caused by the electroporation; that the
growing filaments might have turned the initial small protrusions into large, long
protrusions. In the latter case, the lipid membrane exhibited little fluctuation after the
growth of protrusions, and the shape of the liposome with protrusions were stable
over tens of minutes. The tensed membrane seems to have resulted from the force
exerted by the growing filament. Thus, some mechanical work was done by the
growing filaments.
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7.19.2 Change in Liposome Shape Accompanying Severing
of Actin Filaments

There are shape changes of liposomes, which is driven by a different mechanism
[186]. As described above, liposome assumed disk-like shape as a result of slow
polymerization, which remained unchanged over a long period (at least 20 min after
the final shapes were reached). However, when cytochalasin was administered to the
disk-shaped liposome, further shape change occurred: the liposome transformed to a
rugby ball-like shape. This was accompanied by a re-arrangement of actin filaments
from the original circular distribution to a rather uniform alignment along the longer
axis of the rugby ball. The change in the alignment was deduced by the polarization
microscopy of the encapsulated actin labeled with acrylodan [40]. Cytochalasin
inhibits the actin polymerization, but it also severs the actin filaments. Since
cytochalasin is membrane-permeable, it probably entered the liposome and severed
the encapsulated filaments. Perhaps, this altered the force balance between the actin
filaments and the lipid membrane, leading to the transformation. This is another
example of sculpting of the lipid membrane by the structure of actin filaments, rather
than polymerization force. To summarize, actin has an ability to mold the shape of
lipid membranes, and actin cross-linking and bundling proteins should strongly
enhance this ability by stabilizing various types of actin-based structures.

7.19.3 Liposomes Encapsulating Tubulin

The polymerization-coupled force has been demonstrated with liposomes containing
tubulin, not actin [187, 188]. Tubulin dimer was encapsulated in liposomes on ice
and was allowed to polymerize at 37 °C. The shape change of the tubulin-containing
liposome follows considerably different path than the actin-containing liposome.
Thus in the former case, small projections first appear at the two opposite ends of a
liposome, altering the liposome shape to a lemon-like shape. The protrusions further
grew in the opposite directions, and the main part of the liposome again became
spherical. The remarkable difference from the case of actin is likely to stem from the
large difference in the rigidity of two polymer systems; a single microtubule is about
one hundred times higher than that of a single actin filament [189]. Hence, even a
single microtubule was sufficient for the generation of membrane projection.

It has been shown that a thin tube (tether) grows by simply pulling glass bead that
had been attached to the membrane of a liposome [87] or a red blood cell [190]. In
another study, the end-to-end distance of the lemon-shaped liposome has been
measured as a function of the axial force [191]. Micron-sized plastic beads were
encapsulated in a giant liposome and were manipulated by the double-optical trap
system: two beads were captured in each trap and were brought apart by deflection of the
laser beam. As a result, the beads exerted forces on the lipid membrane at the opposite
locations. An increase in the inter-bead distance first induced a lemon-shape and
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abruptly small bud appeared. Further increase in the beads separation resulted in the
growth of tether. Since the force could be estimated by knowing the trap stiffness and the
shift in the bead center, authors could generate the relation between the inter-bead
distance and the force. The analysis suggested that the axial force monotonously
increased to about 10 pN until a certain inter-bead distance was reached; the force
abruptly dropped to < 5 pN beyond that distance. This drop corresponded to the growth
of a thin tube from the liposome accompanied by the change of the liposome shape from
lemon to a sphere; further growth of the thin tube occurred at the lower forces. Shape
changes of liposome under axial forces have been treated theoretically [eg., 192, 193].
The change in the shape of the body of liposome from the lemon to spherical shape has
been interpreted as a phase transition phenomenon. In an early study, the shape of the
liposome that had been deformed by growing microtubule has been theoretically
analyzed based on a curvature elastic theory of a lipid membrane and the developing
force has been estimated [194]. In that study the shape of the liposome was assumed to
have a rotational symmetry and was regarded as a combination of straight lines and
circular arcs. The resultant relation between the force and the end-to-end distance of
liposome indicated that the force monotonically increased to ~3 pN until the end-to-end
distance of ~15 pm, but the force did not drop upon the extension of the protrusion.

7.20 Mimicking Bacteria Propulsion with Various
Reconstituted Systems

The velocity of Listeria has been shown to be equal to the rate of elongation of actin
filament [195]. As described earlier, Listeria expresses a membrane protein, ActA, to
promote the actin polymerization on the bacterial surface, which pushes the bacterial
body. The validity of this notion has been examined with various reconstituted
systems. In one study [196], the reconstituted system with E-coli artificially
expressing IcsA, an actin-nucleating protein of Shigella, is driven by the actin
polymerization. The genetically engineered E-coli have been shown to move with
a comet tail in the cytoplasm of the egg of Xenopus laevis at a velocity similar to that
of the polymerization-driven bacteria.

The role of factors involved in the propulsion of E-coli expressing IcsA and
Listeria expressing ActA has been analyzed by measuring the velocity of the
polymerization-driven movements. Three factors, Arp2/3 (actin-nucleating protein),
ADF/cofilin (depolymerizing factor) and a capping protein (barbed-end capper),
were necessary [197]. The combination of purified proteins and plastic beads instead
of bacteria has been used to further investigate the role of the bacterial protein:
plastic beads that had been coated with ActA moved at a velocity comparable to that
of Listeria in the Xenopus extract supplemented with exogenous actin [198]. The
bead started moving with the cloud of actin filaments that had been formed around
the bead; apparently, no asymmetric distribution of ActA is necessary for the
movement. In another study, bead was replaced with a liposome of a few microns
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diameter [199]. Like bacteria, the comet tail grew from the surface and extended to
the back of the liposome. The actin filaments were bound to the liposome through
ActA. An advantage of using liposome was that the forces exerted on the moved
object could be visualized. Thus, the liposome coated by ActA, moving with a comet
tail, was pulled back at the central part of the rear and was pushed forward along its
side. These observations suggested that some actin filaments were bound to the
liposome by ActA around the rearmost region, whereas other filaments obliquely
pushed the side of the liposome. Similar force distribution has been demonstrated
using oil droplet [200]. The spontaneous breakage of the symmetric distribution of
actin filaments around the bead is postulated to be the key to the directed motion
[201, 202]. An elastic energy of the gel made of actin filaments around the bead has
been assumed to be released through fracture of the gel [198]: this might propel the
objects. In another study, the force exerted by the actin polymerization on the surface
of the cantilever of atomic force microscope has been measured. The cantilever was
coated with ActA and actin filaments were allowed to grow at the lower surface of
the cantilever in a Xenopus egg. The cantilever was pushed up demonstrating >
100 nN force was produced [177]. Another study utilizing an N-WASP-coated
plastic bead has shown to generate a few nN force when actin was allowed to
polymerized from the bead surface in the presence of Arp2/3, gelsolin (a barbed-
end capping protein), ADF/cofilin, profilin and actin [203].

The reconstituted system has been also used to study the motility of the Ascaris
sperm, which, as mentioned above, does not depend on actin-myosin system.
Addition of ATP to the sperm extract showed a formation of a fibrous structure
that bound a plasma membrane vesicle and had an arrangement of the filaments
similar to that made of MSP (major sperm protein) in vivo. The growth of the fibrous
structure, which occurred at the interface of the fiber and the plasma membrane of
the vesicle, seemed to propel the membrane vesicle [204]. The movement realized in
this intriguing system has been treated theoretically [205].

7.21 Polymerization Force: Theoretical Studies

7.21.1 Hill’s Theory

As mentioned in Sect. 7.16, Hill [147] developed the theory based on irreversible
thermodynamics to explain the polymerization-based force development. There are
several assumptions: (1) The monomer and polymer coexist in the solution; (2) One
end of the polymer is fixed and the other end is touching an obstacle, which is pushed
against the polymer end by an external force F; (3) The polymer was assumed to be a
linear chain of monomer and infinitely rigid. As before, we call the monomer
incorporated in the polymer “protomer” to distinguish it from the monomer in
solution. The chemical potential of a monomer in solution is designated as y and
that of protomer, p,,. Hill assumed that the value of u,,, does not depend on the
position of the protomer (monomer in the polymer); this is a simplification, because
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the protomers at the filament end possess different conformation than those within
the filament. In the equilibrium state at F' = 0, incorporation of a monomer (solution
concentration = C,q, Where “eq” represents the equilibrium) into the polymer is
balanced by the dissociation of a protomer from the polymer. If the chemical
potential of the solution monomer and the protomer in the polymer is represented
with symbols, us and ppro, #s = Hpro at the equilibrium. The yg is written with the

concentration of monomer, C:
e = po+ kpTInC.

Hence, at the equilibrium, the relation,
Ho + kT In Coy = pyyy,

holds, where Cq is the equilibrium concentration (C) of the monomer.

When F # 0, a mechanical work (= w) is required to move the obstacle to allow a
monomer to polymerize at the end of the polymer. If the length of polymer increases
as a result of the polymerization by the monomer length, d, w = -Fd. Here, F is
positive, if the direction of the force is parallel to that of the elongation of the
polymer (the extension force), whereas F is negative in the reverse case
(compressing force). If the concentration and the chemical potential of the solution
monomer in the presence of F are designated as C.q’ and u’, respectively, the
following relation will hold at the equilibrium:

/’lx, = Uy —+ kBTln Ceq/-

The work for the elongation is equal to the decrease in the chemical potential of
the monomer in the solution. Thus, -Fd = u,’ - us. Hence, at the equilibrium,

Cl
—Fd = kzTln (C"q>,

eq

or

Fd
C;q = Ceq eXp(_kB_T) .

Thus with the external compressive force (F < 0), the equilibrium concentration
Ceq’ is higher than Cq, because the compressive force makes polymerization less
favorable and more monomer will remain unpolymerized. The C,q’ value increases
rapidly with the magnitude of the force; for example, if we assume d = 2.7 nm (the
elongation of the actin filament upon polymerization of one terminal subunit), 300 K
for T and 5 pN for F, then, the factor, -Fd/kgT =~ 3.6, and hence, the C.y” ~ 36C,.

Hill discussed the kinetic aspect of the effect of external force on the rate of actin
polymerization. From the detailed balance, the Cq for free polymerization (F' = 0) is
related to the off rate of protomer, k. and the on rate of monomer, k,, in the
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following manner, Ceq = kofi/kon. In the presence of the compressive force F, Ceq’
will be related to the on and off rates: Ceq’ = kofr'/kon’, Where ko™ and k" represent
the rate of the depolymerization and polymerization in the presence of F. In a simple
case where it is assumed that the off rate constant is not affected by the external force
(koti” = kotr), then,

kon = kon exp(Fd/kgT).

The k,,, may be regarded as a probability per unit time for opening of the gap with a
size d in the presence of the force F. We then consider the rate of elongation of the
length of the polymer, dL/dt, in the presence of the external force, following Hill’s
treatment. When F' = 0

AL/t = d {kyy X C — kop}.

Likewise, when F # 0,

, , Fd
dL/dr=d {ko,, C — ko } =d {k,mC exp (—) - koﬁ}.
kT
When F is equal to the “stall force”,

Fstull = (kBT/d) In (konc/koﬁ)7

dL/dt = 0 and the elongation stops. Thus, the stall force depends on the temperature,
size of monomer, the on rate and the off rate and the solution concentration of
monomer. Under the constant solution condition, F,; depends logarithmically
on C.

Hill has proposed that the filament elongation rate, dL/dt, can be written in a more

general form:
tFd (t—1)Fd
dL/dt = d |k — | —k, —_—
/ d { C exp (kBT> v exp{ T H

where ¢ (0 <t < 1) is a parameter introduced to distribute the exponential term over
on and off rates. Physically, 7 represents the relative significance of the effect of the
force on k., and k.. Here, the external force is assumed to affect the dissociation of
the protomer (this was not considered in the above discussion); note that the stall
force is still (kgT/d) x In(koedko,C). Hill assumes that at large compressive force (I1FI
>> (), t — 1/2, whereas at large extending force (F >> 0), t ~ 1/F. The latter
condition, the k¢ value will approach that for the free end.

If one adopts 116 (s, 1.1 (s1), 300 (K) and 2.7 nm as numerical values for k., C,
kosr, T and d [25, 206],
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Fig.7.27 Plots of the rate of elongation of actin filament in the presence of compressive forces. The
rate of elongation, dL/df, was calculated according to the model of Hill [148] with the parameter, ¢,
representing the distribution of the external force on the on-rate and off-rate. The parameter values
are indicated to the right

% = 2.7 x [116 exp(0.66¢F) — 1.1exp{0.66(1 — 7)F}].

The graph of dL/dr against |F], the magnitude of compressive force F, is shown in
Fig. 7.27. Here, no dependence of ¢ on F is assumed. At IFl = 0, all dZ/d¢ naturally
converges to a single value; as mentioned above, the Fy is independent of . The
curve corresponding to ¢ = 0 simply serves as a reference, because it is physically
unlikely that the compressive force does not affect the process of binding of a
monomer to the polymer end. Nevertheless, this simple model demonstrates that
the convex nature of the curve appears to depend on the choice of ¢, as well as that of
kon and koff.

7.21.2 Thermal Ratchet Model of Polymerization Force

As mentioned in the Sect. 7.19, the growth of actin filaments needs the insertion of
the incoming monomer between the filament tip and the cell membrane. Hill
suggested [147] the usage of the elasticity of the actin filament for the insertion,
but the detailed mechanism was not presented. As mentioned previously, Peskin
et al. [207] proposed a model, in which a gap is assumed to open between the
filament tip and the membrane as a result of the fluctuation of the cell membrane.
The position of the membrane is biased by the elongation of the filament that occurs
by the binding of a monomer to the tip of the filament. In the formulation of this
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“Thermal ratchet” model, it has been assumed that the x axis is parallel to the
direction of the polymer, actin filament is straight; no bending is considered, and
that the membrane was replaced with a disk with a diffusion coefficient, D. The
external force, F, causes the constant drift of the disk: the velocity of which, Vg, is
related to the D value and F by the Einstein’s relation; Vg = F (D/kgT). The
quantity in the parentheses is equal to the inverse of the frictional coefficient of the
disk. Based on the structure of the reconstituted actin filament, a simplified model of
the protomer addition to the tip was adopted. Thus, because of the stagger between
two protofilaments in an actin filament, the actin filament was assumed to elongate
by half the protomer length, d along the filament axis. Peshkin et al. derived a
diffusion-reaction equation for the ratcheting action of the fluctuating and drifting
obstacle (the disk). They considered an ensemble of the filament tip and obtained a
function for the probability of the distribution of the filament tip, g(x), x being the
distance of the tip from the obstacle. The expression of g(x) was derived by solving a
system of differential equations, and they obtained the ensemble average of the
velocity of the obstacle, <V>, as follows:

<V>=d Kk(mc/:c g(x)dx — kog /OOC g(x)dx> / /OOC g(x)dx] .

oo
In the above expression the denominator / g(x)dx represents the normalization
0

factor. The first term in the numerator represents the on rate of the monomer
weighted by the population of tips at the distance from the obstacle, which is
equal to or larger than d; the second term represents the off rate weighted by g(x).

They made an assumption that the process of polymerization and depolymeriza-
tion “velocities”, k,,C d and k¢ d are much slower than the “ratchet velocity”, which
is determined by an equation, 2D/d, and they arrived at an expression,

V =d [konC exp(—Fd/kgT) — ko]

This is the same expression as Hill’s theory (for ¢t = 1). Thus, the stall force, Fy, is
represented with the same equation as that derived from the thermodynamic argu-
ment in the preceding section. Peshkin et al. claimed that their mechanistic treatment
should reach the same conclusion as that reached by thermodynamic argument,
which is supported by this result.

Mogilner and Oster [175] proposed a model that assumes fluctuation of both actin
filament and the membrane. This is more realistic when one considers that the both
actin filament and the lipid membrane can thermally fluctuate. They modified the
expression of the diffusion-reaction equation by incorporating bending motion of the
polymer. The polymer is assumed to be abutting the flat membrane with an angle n/2
- 8, where 0 represents the incident angle of the filament with respect to the normal of
the membrane surface. The gap opens when the polymer tip bends away from the
obstacle by thermal fluctuation. They arrived at an expression of the elongation
velocity:



7.23 The ATPase Activity of Actin 149

V = d[konCp (6, Yo) — kog]-

Here, kon, kof, d and C have the same meaning as above. The y, represents the
average distance between the filament tip and the obstacle. The function, p(@, yo)
depends on the tip-to-membrane distance and the incident angle of the filament with
respect to the membrane normal. The y, value strongly depends on the length of the
filament tip that is capable of thermally fluctuatiing; shorter tip bends less frequently
but when it is bent and elongated by polymerization, it can exert larger force on the
membrane than the longer filament. The incident angle also affects the protrusion,
because when it is near 0, the pushing force from the returning tip would be small,
whereas when it is ~90 degrees angle, the pushing force in the protrusve direc-
tion would be zero. Thus, there is an optimum value of 6. Mogilner and Oster have
derived the velocities of the protrusion under various conditions at individual
optimal 0 values.

7.22 The Force Measured in the Keratocyte
and a Reconstituted System

As described in the Sect. 7.21.1., the protrusive force of the lamellipodium of a
keratocyte has been measured by the AFM technique [164]. In this example, the
force on the order of nano-newton has been needed to stall the protrusion. The
velocity of the protrusion decreased with the cantilever force in a similar fashion as
predicted by the elastic ratchet model. Thus, the curve was bell-shaped with the
convex portion around zero force. On the other hand, with the reconstituted system
[203], a convex shape of the force-velocity relation has been obtained. The curve has
similarity to what was predicted by the thermal ratchet model, but actually the
bacterial body is connected to the actin filaments, the researchers have explained
this result with a model based on the elasticity of actin gel that simultaneously
pushes and hinders the movement of the bead [208].

7.23 The ATPase Activity of Actin

The ATPase activity of actin is not necessary for the polymerization, because
ADP-binding actin monomer can polymerize. As pointed out by Hill [147], it does
not contribute the generation of the work. However, this property is important for
maintenance of the lamellipodial actin network that is dynamically turning over. The
difference in the critical concentration of the barbed and the pointed ends enable the
elongation at the former end and shrinkage at the latter end, resulting in the constant
network width. When the cell is advancing, the network should be constantly
renewed at its front edge. On the other hand, the rear part should be disassembled,
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because this part is no longer needed for the movement. The key is the different
critical concentration of the barbed and pointed ends. ATPase activity of actin is
essential to maintain the kinetic difference between the two ends. A detailed
theoretical analysis [209] was performed including relevant biochemical processes.
Those are the sequestration of actin monomer by thymosin beta-4, the exchange of
ADP bound to actin monomer with solution ATP by profilin, binding of profilin-
ATP-bound actin monomer complex to the barbed and pointed ends and severing of
actin filament. The study has considered a steady state of the amount of actin
filament in the network. It was found that if the part of the barbed ends is incompe-
tent of polymerization due to the capping, the uncapped filaments grow faster than
the shrinkage of the pointed ends to maintain the steady state of the network. This is
because actin monomers polymerize at the limited number of the barbed ends that
are uncapped (funneling effect; [132]). To compensate for the depletion of
polymerization-competent monomer, actin filaments in the network are severed at
the back of the network by the severing protein (ADF/cofilin); depolymerization of
actin occurs predominantly at the pointed end due to the higher critical concentration
at this end than the barbed end, since the actin protomer near the filament end is in
the ADP-bound form. The newly exposed barbed end is thought to be capped to
block futile polymerization (not producing mechanical work). The actin monomer
generated by the depolymerization binds ADP and will be sequestered by thymosin-
beta 4. Profilin also binds the ADP-bound actin monomer, but the bound ADP is
rapidly exchanged to ATP. The ATPase activity of actin thus maintains the direc-
tionality in an individual actin filament. The slow release of Pi might enhance the
vectorial nature; the distinction of the kinetic properties between the ADP-Pi bound
protomer and ADP-bound protomer will only occur some distance from the barbed
end due to the delayed release of Pi form the protomer.

7.24 The Experimental Evidence of the Polymerization
Force by a Single Actin Filament

The theoretical treatment of the force accompanying the polymerization should be
applicable to general cases, but the experiment with a single actin filament to confirm
the force-velocity relation is difficult, because of an intrinsic flexibility of a single
actin filament. An attempt has been made to measure the force by tethering an actin
filament to the glass surface with chemically modified myosin that are unable to
hydrolyze ATP, but binds actin strongly; the barbed end is bound by formin that had
been also bound to the surface [210]. With the growth of an actin filament by the
nucleating activity of formin at the barbed end, the filament started buckling. The
shape of the buckled filament was analyzed by the elastic rod theory. The buckling
force depended on the conditions for the attachment of the filaments to two proteins
was between 1-10 pN, depending on the attachment condition (freely pivoting
around the tethered point or direction of the filament fixed). It also strongly depended



7.25 Generation of the Polymerization Force by Microtubule 151

on the distance between the attachments. The growth will occur between the barbed
end and the bound formin, but the detail of how the end of the growing filament was
pushed remains to be clarified. Nevertheless, the magnitude of the forces are con-
sistent with the theoretically predicted values.

7.25 Generation of the Polymerization Force
by Microtubule

Microtubule is much more suitable for the direct measurement of the polymerization
force, because, as described previously, it is far more rigid than an actin filament.
Dogterom and Yurke [211] measured the force exerted by a single polymerizing
microtubule: they allowed microtubule to polymerize in a micro-fabricated narrow
glass chamber (30 um long and 1 pm wide). They attached polymerization nuclei at
the floor of the chamber to fasten the microtubule and observed the growth by
differential interference contrast microscopy. After two ends of the growing micro-
tubule hit the wall of the chamber, the microtubule started bending, suggesting that
the elongating microtubule pushed against the wall of the chamber and was bent by
the reaction force from the wall. The mechanical properties of microtubule have been
measured [212], and the force exerted on the growing microtubule could be calcu-
lated from the arc-shape of the microtubule. They also estimated the velocity of
elongation from the optical micrograph of an individual microtubule and found that
the elongation velocity monotonously decreased with the increase in the force.

To obtain the stall force from the force-velocity curve, Dogterom and Yurke
attempted the curve-fitting for two limiting cases with the equation shown in the last
paragraph in Sect. 7.21.1. In one case, the parameter, #, was set to be zero, which
yielded rather unrealistic k,, k. values and almost linear decrease of velocity with
increasing force was obtained, which could not reproduce the experimental result. In
the other case, the parameter, ¢, was set to be unity, which resulted in more realistic
the k, value, but the k. value turned out to be negative, and hence, they could not
estimate the stall force; the actual growth velocity rapidly approached zero around
4 pN force [213].

In a subsequent study van Doorn et al. [214] attempted to estimate Fiy. From
thermodynamic argument; they derived an expression for Fyp: Fgay = N(kgT/d)In
(k./k.), where N represents the number of protofilaments in a microtubule (= 13),
which bear the load. Physically, this means that the work needed to displace the load,
Fd, is distributed over N protofilaments. With a discrete version of the thermal
ratchet model [208], they obtained the stall force between 9.2 pN and 18.5 pN,
depending to the choice of k, and k. values.

Kolomeisky and Fisher [213] pointed out that the number of protofilament, over
which the load is distributed, may not be 13 and argued that the work of displacing
the load, F, is F<z - d>, where z represents the shortest distance of the tip from the
obstacle, d, the size of heterodimer and < > denotes the ensemble average. Because
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of the averaging, <d - z> can be larger than d/N (= 8/13 nm). They considered the
case of N = 1, ie., only the longest protofilament supports the obstacle, and they
obtained a satisfactory fit to the data and the stall force of 4.2 pN with # = 0.22. The
estimated value of the stall force was close to the value that had been inferred from
the velocity-force curve by Dogterome and Yurke [211]. The total number of
protofilaments, N, appearing in the thermodynamic treatment by van Doorn et al.
did not appear in the treatment by Kolomeisky and Fisher. Kolomeisky and Fisher
argued that the N implicitly affected the result through the interaction of heterodimer
with surrounding protofilaments. Based on these results, it is highly likely that the
fluctuation-driven polymerization occurred and the magnitude of the generated force
could be explained as a result of thermal fluctuation-based mechanism.

In a later study, Kerssemakers et al. [215] applied the calibrated forces by the
optical trapping technique to measure the polymerization force by microtubule. They
found that the microtubule exhibited a stepwise growth. The step size exhibited a
distribution with a peak around 25 nm on the average, suggesting that a few
heterodimers polymerized within the time resolution of the system (40 ms). A
protein XMAP215, which has been known to increase the rate of the elongation of
microtubule was found to shift the distribution of the step size toward larger values.
This has been interpreted that XMAP25 complexed with several heterodimers binds
to a pre-existing protofilament or XMAP25 first binds to a protofilament and serves
as a scaffold for the binding of heterodimers.

7.26 The Force Exerted by Depolymerization
of Microtubule

It has been pointed out that a polymer can shorten (depolymerize) against an
extending force. In the cell, depolymerizing microtubule develops a force on the
attached chromosomes in the process of segregation of chromosomes during the cell
division [216]. A system mimicking this motion has been reconstituted [217]. The
plus end of microtubules was capped by rhodamine-labeled tubulin and the minus
end was attached to a structure called pellicle (derived from lysed Tetrahymena).
Tubulin residing in the middle of microtubule was chemically linked to biotin. Then,
a bead coated with avidin was attached to the side of the microtubule through
strong affinity of biotin to avidin. The rhodamine-labeled tubulin cap was destroyed
by a strong laser beam and the microtubule started depolymerizing. The bead often
simply came off the microtubule, as one might expect, but occasionally, the bead
was pulled away from the trap center, indicating that the force was exerted on the
bead toward the minus end direction. The force was estimated to be ~0.3 pN. It was
presumed that the force arose from the curved (ie., depolymerizing) part of one or
two protofilaments. The geometrical consideration has suggested that the force
directed toward the surface of the bead was ~5 pN. Thus, if some mechanism of
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dynamic connection between the bead and the protofilaments existed, the force along

the

microtubule can be stronger.
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Chapter 8 )
Global Environment and Biophysics s

Abstract Living organisms were born on the earth and have made evolution
through long history of the earth, and recorded genetic information corresponding
to each global environment. And corresponding gene is switched on for adaptation to
their environment. Temperature change is major factor of environment. And meta-
bolic change for membrane lipid synthesis alters physical property of membrane
fluidity through change of phase transition temperature of lipid bilayer.

8.1 Living Organisms on the Earth

Living organisms on the earth were born in closely related with existence of the third
planet in the solar system. Materials and some energy sources on the earth were used
for creation of the living organisms. Interaction between the global environment and
living organisms is important factor in long history of evolution, and existence of
living organisms have changed global environment. Oxygen content, 21% in the
present atmosphere is result of global evolution changed by living organisms, in
particular, by plants. Nowadays, social activities of human beings raise concentra-
tion of carbon dioxide up to 400 ppm, and induce global warming and climate
change. Averaged concentration of carbon dioxide was 278 ppm in 1750 (before the
industrial revolution). And some abnormal changes are found in ecological system.
Living organisms on the earth have adapted to mild change of the environment and
the adaptation mechanisms to survive in the changed environment have been stored
in genetic information on DNA during their evolution. In diurnal temperature
variations and annual temperature variation in particular decrease of temperature,
living organisms such as amphibian cannot control body temperature. And low body
temperature results in lowering rate of chemical reactions in the body and induces
slow movement. On the other hand, homeotherms maintain body temperature
constant in variable external temperature to keep proper rate of chemical reactions
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in their metabolism. When cells derived from a tissue of homeotherms, the cells
show adaptation to temperature of culture. The adaptation indicates that cells of
homeotherms have acquired genetic information of mechanism to adapt change of
environmental temperature in long history of evolution and preserve it in DNA. Both
single cell and multi-cells organisms live in surrounding environment, and they
maintains constant state to survive in variable environment (=‘homeostasis’). Their
direct environment is water molecules, and water molecules mediate interaction
between cells. Each cell uses genetic information on DNA correspondent to external
stimulus and responds to that. Temperature of environment is an important factor
and physical property has temperature dependency. Therefore biological functions
are greater or lesser extent affected by temperature. Homeotherms have been born as
living organisms whose enzyme activities unaffected by change of external temper-
ature in evolution. All animals and plants are under environment of variable tem-
perature and are affected by temperature directly or indirectly. And these living
organisms provide mechanisms to adapt temperature change at level of cell. And the
mechanism to adapt to temperature change is observed in cultured cells derived from
homeotherms such as rat or chines hamster. This mechanism is response of the cell
itself to temperature change, and the mechanism has been preserved in evolution
process. The mechanisms of adapting to environment at level of gene are called
‘stress-induced gene expression’. Temperature acclimation of cell is one of them.
Living organisms provide mechanism responding to change of environment at gene
level essentially and becomes possible to maintain their life.

8.2 Mechanism of Adaptation to Environment on Gene
Level

Living organisms respond to change of external environment; the mechanism of
response exists on level of an individual and a cell. And this is called ‘response to
stress’. The response to stress has been acquired in process of evolution, and it is
essential for living organisms on the earth. Environmental factors such as tempera-
ture, pressure, radiation, ultraviolet light, metal ions, oxygen and various compounds
are candidates of stress. When a cell is exposed to a stress, protein synthesis at
normal state is lowered and some species of protein are newly synthesized instead of
them. Typical stress is heat shock and proteins synthesized in this state are called
‘heat shock proteins’. When a cells or individuals are exposed to temperature higher
than physiological temperature by a few degrees, heat shock response is observed in
every level from cell to individual. This response is observed in deep-sea fish living
in below zero temperature and thermophilic bacteria living in hot spring. The
maximum response of heat shock is observed at 5~10 degrees higher than physio-
logical temperature. Ritossa first observed three new puffs in chromatin of drosoph-
ila larva exposed to high temperature [1].
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8.3 Temperature Acclimation of Cells and Physical
Properties of Membranes

As acell is an essential unit of life and important biological functions are located on
biomembranes, influence of change in external temperature on biomembranes is
focused in particular on statistical physical properties of lipid bilayer membranes
such as phase transition and phase separation. In addition, membrane fluidity is an
expression of lateral diffusion and rotational diffusion of molecules composed in
lipid bilayer membranes. Physical properties of biomembranes depend on molecular
composition of the biomembranes. Lipid composition of biomembranes is modified
during temperature acclimation by enzymatic metabolism. Metabolic conversion of
lipid composition is also important in signal transduction mechanism of cell. Both
adaptation of cell to external environment and signal transduction of a cell include
development and division of a cell, which are essential parts of regulation of cellular
function. And these responses to external stimuli are supposed to be originated from
common origin.

8.4 Temperature Acclimation of Cells Observed by Phase
Transition and Membrane Fluidity

R.N. McElhaney and K.A. Souza found temperature acclimation of cell appeared on
phase transition in Bacillus subtilis by use of DSC. When Bacillus subtilis cells were
cultured at 42, 58 and 62 °C, phase transition temperature of each culture of cells
were shown at temperature 10 degrees below temperature of the culture in wild type
cells. However, phase transition appeared around 30 °C for mutant unable to live
above 60 °C when the mutant cells were cultured at 42, 52 and 58 °C [2]. Phenom-
enon that phase transition temperature shifted corresponding to culture temperature
was not observed in this mutant. And the result indicates that mechanism of
temperature acclimation is coded on gene. Bacillus subtilis is a prokaryote that
does not have any organelle such as nucleus, mitochondria endoplasmic reticulum
and Golgi apparatus. On the other hand, the authors observed similar temperature
acclimation in an eukaryote, Tetrahymena having organelle as intracellular mem-
brane structures. Tetrahymena cells cultured at different temperatures were mea-
sured by DSC in the first heating scan and the second heating scan. At the first scan
large peak from protein denaturation appeared on DSC thermograph. Figure 8.1
shows the second scan and phase transition from lipid membranes of Tetrahymena
cells. Phase transition is accompanied with structural change, and transition of the
membrane structure depends on culture temperature of Tetrahymena cell, which is
observed by X-ray diffraction [3, 4]. Lipids of biomembranes are composed of
various species of lipid molecules. Phase transition temperature of each lipid is
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Fig. 8.1 Phase transition
temperature of Tetrahymena
cells cultured at different
temperatures

Tetrahymena cells were
cultured at different
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thermographs of the second }-
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determined by its molecular structure. Membrane fluidity increases with transition
from solid phase to fluid phase as temperature is raised. Membrane fluidity of lipid
bilayer membranes composed of various lipid molecules is measured as order
parameter by ESR using lipid spin probe. Change of membrane fluidity in various
lipid molecules with phase transition is shown in Fig. 8.2. Phase transition of each
molecular species of phosphatidylcholine appears on change of order parameter and
decrease of order parameter indicates increase of membrane fluidity with phase
transition from gel phase to fluid phase by raising temperature. Sinensky has
found that Escherichia coli has ability to maintain constant viscosity of
biomembranes and lipid membranes formed by extracted lipids even in change of
culture temperature. This biological phenomenon is called ‘homeoviscous adapta-
tion’ [5]. In the experiment, viscosity was measured by RSR using fatty acid spin
probe. Viscosity of E.coli biomembranes cultured at 43 °C showed 2 poise measured
at 43 °C. However, the viscosity increased to 15 poise when the viscosity was
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Fig. 8.2 Change of membrane fluidity with phase transition

Liposomes of various phospholipids were prepared by voltexing method. And membrane fluidity of
the liposomes were measured by ESR using stearate spin probe at different temperatures. Order
parameter S was obtained from ESR spectrum

measured at 15 °C. On the other hand, when E. coli cells were cultured at different
temperatures such as 37 °C, 30 °C and 15 °C, viscosity measured at the cultured
temperature ranged in 1.9 £ 0.1 poise. The results indicate that adaptation mecha-
nism is operated to keep viscosity constant even in change of culture temperature.
Viscosity of biomembranes is strongly correlated with composition of lipid mole-
cules. A mechanism synthesizing cis-vaccenic acid with cis-double bond at higher
temperature was found in E. coli. In Tetrahymena cells, desaturases introducing
double bond into fatty acyl chains of phospholipids are sequentially activated when
culture temperature is lowered from 39.5 °C to 15 °C as shown in Figs. 8.3 and 8.4
shows temporal change of fatty acid composition of Tetrahymena cells during
temperature change from 39.5 °C to 15 °C. The result indicates that change of
culture temperature induces activation of fatty acid desaturases to convert the
membrane lipids to those of lower phase transition temperature by introducing
double bonds. In order to prove this adaptation mechanism, an experiment of
knock outing desaturase genes was performed in cyanobacteria [6]. Phase transition
profiles of wild type cyanobacteria and knockouted desaturases are shown in
Fig. 8.5. Cyanobacteria cells are grown by photosynthesis using solar energy.
When cyanobacteria cells were cultured at 35 °C, both wild type cells and
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Fig. 8.3 Activation of
various desaturases by
lowering temperature of
culture

Temporal changes of fatty
acid desaturases were
measured after lowering
temperature of Tetrahymena
cells from 39.5 °C to15 °C

Fig. 8.4 Change of fatty
acid composition in
Tetrahymena cells by
lowering culture
temperature
Culture-temperature of
Tetrahymena cells was
lowered from 39.5 °C to
15 °C and the culture was
continued. Lipids were
extracted from the cells and
temporal change of fatty
acid composition was
obtained from GLC
measurements
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desaturase-knockout cells showed phase transition temperature measured by DSC
around 20 °C. When temperature of culture was lowered to 25 °C, phase transition
temperature of wild type cells was lowered but effect of lowering phase transition
temperature was reduced in the desaturase-knockout cells. The result indicates
desaturases directly alters phase transition temperature of biomembranes. Change
of phase transition temperature caused by desaturase also induces phase separation
in biomembranes as shown in Fig. 8.6. Phase separation is observed as smooth area



8.4 Temperature Acclimation of Cells Observed by Phase Transition and. . . 165
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without proteins and rough area with protein particles in endoplasmic reticulum of
Tetrahymena fed with palmitic acid and cooled to 15 °C. For analysis of lipid
composition in each area, rough and smooth endoplasmic fractions were separated
by density gradient centrifugation after homogenizing the cells. Saturated fatty acids
are rich in the smooth area and unsaturated fatty acids are rich in rough area of
Tetrahymena endoplasmic reticulum [7].
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Fig. 8.6 Phase separation observed by freeze-fractured electron microscope in Tetrahymena
microsome

Tetrahymena cells were cultured in medium containing palmitic acid (C16:0) at 39 °C. After
lowering culture temperature to 4 °C, these cells were destroyed and microsomal fraction was
isolated by ultra- centrifugations. The microsome were observed by freeze-fractured electron
microscope. Region of integral protein particles and smooth area were observed. Unsaturated
fatty acids were rich in the particle region and saturated fatty acids were rich in the smooth area
from fatty acid analysis
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