Corso di Biofisica Sperimentale
Modulo 1. Loredana Casalis

The course will be largely devoted to exploring the special properties of
biological macromolecules and the ways that they are used by cells, with
the large-scale goal of understanding how the special properties of life
may emerge from fundamental physical and chemical interactions.

(A) Atomic structure of a small fragment of the
nucleic acid DNA in the B form

(B) atomic structure of the oxygen-carrying protein

hemoglobin (PDB 1hho)

(C) phosphatidylcholine lipid molecule from a cell

membrane

(D) branched complex carbohydrate




What is biophysics?

Biophysics is the field that applies the theories and methods of physics to
understand how biological systems work, i.e. the mechanics of:

» how the molecules of life are made

» how different parts of a cell move and function

» how complex systems in our bodies—the brain, circulation, immune
system, and others— work.

(ref. Biophysical Society)



What is biophysics?

Biophysics is the field that applies the theories and methods of physics to
understand how biological systems work

Scientists from math, chemistry, physics, engineering, pharmacology,
biology, biotechnology and materials sciences explore and develop new
tools to understand how biology—all life—works. They design cutting-edge
technologies and develop methods to overcome disease, but also to
eradicate global hunger and produce renewable energy sources.



What do Biophysicists do

Therefore biophysicists work on:

» Data Analysis and Structure (DNA sequencing and correlation with
diseases, protein structure, analysis of huge quantity of data)

» Computer Modelling (see and manipulate the shapes and structures of
proteins, viruses, and other complex molecules to develop new drug
targets, or understand how proteins mutate and cause tumours to grow)

» Molecules in Motion, Cell-Cell Interactions (understand how molecules
move inside the cells, how cells interacts with other cells and extra-
cellular environment)

» Bioengineering, Nanotechnologies, Biomaterials (biomechanics applied
to understanding of diseases; design of functional nanomaterials for
drug delivery and prosthetic applications )



History of (Molecular) Biophysics:

In 1943 Schrodinger gave a few lectures at Trinity College, Dublin, on

|Il

“What is life: the physical aspects of the living cel

These lectures generated an enormous interest for biology between
physicists and chemical physicists, which led to the discovery of DNA
and protein structure and the development of molecular biology.

High resolution needed!



History of (Molecular) Biophysics:

double-helix model
obtained by J.D. o
Watson (ornithologist) ST n A
and F.H.C. Crick (M
(physicist) following |
Rosalind Franklin, R.G.
Gosling, M.H.F. Wilkins,
A.R. Stokes, H. R.
Wilson fibre diffraction/
biochemical studies
published on Nature in _ —~
1953 e e e

Breakthrough is DNA I he structure of B
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High resolution needed!



History of (Molecular) Biophysics:

The first protein crystal
was obtained in 1930,
the first X-ray structure
by M. Perutz and J.
Kendrew in 1957
(myoglobin).

Complex problem,
needed
complementary
biochemical and
thermodynamical tools
to be solved.
Application of physical
concepts and methods
to biology ---
biophysics!

Protein X ray structure




Biomolecular interactions

We now know that the interior of cells is very crowded and structurally

organised: protein interactions inside the cell cannot be understood
without concepts of diffusion, viscosity, elasticity

The internal cell crowding is non-
uniform, there are gradients of
macromolecules and other species
which enhance the transport at the
nanoscale (ACS Nano, DOI
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David S. Goodsell, The Scripps Research Institute
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Biomolecular interactions

Also, we know that cell membranes play a crucial role in cell-cell, cell-
environment communication. How much do we know about molecular
interactions at the cell membrane?

llustration of cross-section of a small portion of an Escherichia coli cell. Source:
David S. Goodsell, The Scripps Research Institute



Cell is a highly organized and
orderly structure: does it not Extracellular space
obey the second law of
thermodynamics?

In reality the cell is not an
isolated system: takes in
energy from the
environment and uses this
energy to generate order
through chemical reaction.
From chemical reactions,
heat is generated towards
the environment inducing
disorder outside (thermal
motion). The “controlled
burning” of food molecules
generates biological order.

Membranes are regulating as
timer for such control. The voltage- -sensing domain

Jltage-gated ion € hannel

A ligand-gated ion channel
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Biology is about distribute/
generate/consume energy.

lon channels are the voltage-
sensing domains of a
voltage-gated access (heart
beats, nerve impulse), which
make the cell working as a
battery (selective opening of
the channel).

Pumps are enzymes in the
membrane which move ions

in counter direction (ATPase).

Ligand-gated channels are
part of the nerve system
(receiving side of the
synapsis) and are amazingly
specific! One mistake every
billion (disease!)

Extracellular space

The voltage -sen<ing domain

of a\

tage-gate »d ion channel

A ligand-gated ion channel




Cell mechanics
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Cells respond to extracellular matrix (ECM) cues generating and transducing mechanical forces into
biochemical signals and genomic pathways which affect cell properties.

Such forces define tissue architecture and drive specific cell differentiation programs. In adults
perturbation of ECM (stiffness, mutations) cause pathologies in different organs, including ageing
and malignant progression.



Cell-cell interactions and diseases

Normal tissue-specific Interactions between
microenvironment tumor and normal cells
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In cancer, entire tissues get corrupted: healthy and diseased cells coexist.
If we understand cell-ECM interaction and how the cell regulates genes, we
might be able to change the microenvironment to favor only the healthy ones.



How to study molecular
interactions?

The Human Cell
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discriminate between healthy and
diseased cells and understand Secretory Granules
molecular processes inside cells Qopiright Wyew heattitiype:con



Macromolecules

Many of the molecules that make up living organisms tend to be
relatively large and structurally complex, and are hence called
macromolecules. Living organisms also contain a large number of small,
simple molecules that are critical to their function, ranging from water
and metal ions to sugars such as glucose.

Macromolecules can be
assembled by the cell from a
small number of simpler
subunit or precursor
molecules.lt is ‘the
combinatorial assembly of
these simple subunits that
gives rise to their tremendous
structural diversity.

A cell needs only a few
chemical reactions to be able
to synthesize these sets of
subunits from the food in its
environment.

(D)

Atoms: O, C, N, H, sometime S, P

(A) Atomic structure of a small fragment of the
nucleic acid DNA in the B form

(B) atomic structure of the oxygen-carrying protein

hemoglobin (PDB 1hho)

(C) phosphatidylcholine lipid molecule from a cell

membrane

(D) branched complex carbohydrate




Macromolecules

Proteins:
Structural elements that catalyze reactions fundamental to life

(TENS OF THOUSANDS OF DIFFERENT PROTEINS IN A SINGLE
ORGANISM! 1)

Carbohydrates:
Energy storage, surface properties on cell membranes, cell walls

Lipids:
Cell membranes, separate organelles in cells (HUNDREDS OF DIFFERENT
LIPIDS EXIST)

Nucleic Acids:

Memory, operating instructions, constitute the operation mechanism to
generate macromolecules



Macromolecules

Proteins:

molecular machines, display a wide variety of 3D shapes and of
biological functions

= catalyse small molecules synthesis and degradation
= allow cells to move and do work

= maintain cell rigidity

= control genes, switching them on/off

= direct their own synthesis

= move molecules across membranes

Nucleic acids (DNA and RNA):

= contain a coded representation of all proteins of a cell
= contain a coded set of instruction about when proteins have to be
made and in which quantities



Macromolecules

CENTRAL DOGMA
DNA ------- PROTEIN ------ FUNCTION

Biophysics: underline macromolecules function/structural transition of
macromolecules from simple principles. Explain complex

processes from atoms: macromolecular structure; fluctuactions. Make
Models: simplify as much as possible, never more!



DNA: alphabet with 4 letters
Proteins: alphabet with 20 letters
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How can just four nucleotide bases be translated into
protein sequences containing 20 different amino acids?

Figure 1.2: llustration of Crick's “two
great polymer languages.” The
left-hand column shows how nudleic

acids can be thought of in terms of ®® (F ) ® @)

letters (nucleotides), words (codons),

and sentences (genes). The right-hand @ m © ® @ ©. ®

column illustrates a similar idea for @ ®.
proteins, where the letters correspond ALPHABET @ m @ .@@
to amino acids, the words to elements

of secondary structure such as a
helices and p strands, and the
sentences to fully folded functional
proteins. codon

NUCLEIC ACIDS PROTEINS

nucleotides amino acids

protein

The sequences associated with nucleic acids and proteins are linked
mechanistically (Genetic Code) through the ribosome which takes nucleic
acid sequences (in the form of messenger RNA (mRNA)) and converts them
into amino acid sequences (in the form of proteins).



How can just four nucleotide bases be translated into
protein sequences containing 20 different amino acids?

The sequences associated with nucleic acids and proteins are linked
mechanistically (Genetic Code) through the ribosome which takes nucleic

acid sequences (in the form of messenger RNA (mRNA)) and converts them
into amino acid sequences (in the form of proteins).
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Figure 1.5: Idealizations of DNA.
DNA can be thought of as a sequence
of base pairs, as a series of binding
sites, as a charged rod, as an elastic
o) rod, or as a freely jointed polymer

\ ™~ arranged in a random walk,

BINDING SITE I | depending upon the problem of
/ interest.
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Figure 1.6: |dealizations of protein.
...LFSIKREALSI... Proteins can be thought of as a
particular sequence of amino acids,
as a simplified sequence reporting
only the hydrophobic (H, oil-like) or
HP MODEL oA polar (P, water-like) chemical
character of the amino acids, as a
collection of connected ribbons and
cylinders, as a compact polymer on a
lattice, as a binding platform for
ligands, or as a two-state system

AMINO ACID
SEQUENCE

RIBBON capable of interconverting between
DIAGRAM different functional forms.
Biological Stuff Can Be Idealized Using
Many Different Physical Models:
proteins
COMPACT
RANDOM WALK
RECEPTOR CU)
\,,f . The global conformation of a protein can
TWO-STATE % ‘= | beseen asa black box, without worrying
%7 | about the internal machinations

- | >



RANDOM
SURFACE

/

modeled as an elastic object that
deforms in response to force, as a
random surface fluctuating as a

Figure 1.7: Idealization of
membranes. A membrane can be
result of collisions with the

medium, as an electrical circuit
element, or as a barrier with

molecules in the surrounding
selective permeability.

Biological Stuff Can Be Idealized Using
Many Different Physical Models

Lipid membranes

SEMI-
PERMEABLE
BARRIER



Figure 1.8: E. coliidealization. The
cell can be modeled as an array of
receptors for a ligand of interest, as an
elastohydrodynamic object, as a
biased random walker moving 8 @ —9
through water, or as an information RECEPTOR ARRAY \ o o
processing device characterized by a
series of genetic networks.
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Macromolecules

inorganic ions (1%)
small molecules (3%)

phospholipid (2%)
DNA (1%)

bacterial
cell

RNA (6%)

CELL MACROMOLECULES
VOLUME OF

25107 % ¢m?
protein (15%)

polysaccharide (2%)



Molecular forces

Govern how protein folds (DNA/RNA, lipid bilayer etc.) and which of its different
conformations will predominate; drive ligand-macromolecules association

Covalent bonds:

- strength and direction

Non-covalent interactions:

- multipole interactions
lon-ion
ion-dipole
dipole-dipole ) hydrogen bond

- induction interactions

- dispersion forces

The final structure will be the result of the interplay of the different forces: complexity!



Covalent bonds

Covalent bonds are what hold “molecules” together

= strong (200-800 kJ/mol) E> compare with RT~2.6 kJ/mol at 37°

= have well defined lengths

= have well defined directions

van der Waals

A water molecule radius of O = 1.4 A

van der Waals
H H radius of H

O-H covalent bond
distance = 0.96 A




lon-ion
Interactions

The Coulomb potential

; : 00,

= 50-350 kJ/mol
) " 4me e x

Characterizes the response of the surrounding medium to an
electric field: depends on how easily the molecules are polarized

Water has a large value of €, (about 80). It counteracts the
electric field (water mol. are highly polarizable, easily rotate)

The force between Na* and Cl- at 3 A distance in water is small,
1.3 kcal/mol = 2RT. Therefore NaCl in water is dissociated and
dissolved . Statistical mechanics is used to describe ion
distribution in solution

1 kcal/mol =4.2 kJ/mol =0.043 eV
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The Coulomb potential

+ - U = QIQZ

4me e x

50-350 kJ/mol

A
v

characterizes the response of the surrounding medium to an
electric field: depends on how easily the molecules are polarized

Hydrocarbons have €, of 2: the hydrophobic core of proteins
and membranes experiences strong electrostatic interactions

1 kcal/mol =4.2 kJ/mol =0.043 eV



The Coulomb potential

lon-ion
interactions + - U = 00, 50-350 kJ/mol
) ' 4me e x

The electric potential in a non-homogeneous system should be
derived by solving Poisson (or Laplace) equations with the
boundary conditions of the specific system. Numerical solutions
are often necessary. Too complicated.

Termodynamically speaking, electrostatic interactions including
H-bonds, are usually considered as enthalpic terms of the system
energy, while hydrophobic interactions the entropic one.

When examined better, it appears that the Coulomb potential
energy in water is an entropy driven force

1 kcal/mol =4.2 kJ/mol =0.043 eV



The Coulomb potential

lon-ion Q Q
interactions + ) N U = =1=2 50-350 kJ/mol
) ' 4me e x
G = Q1Q2 £
ET r

r

G__y 0 00, 00,05 _ .10

JdI' er ¢ger ol e 0T

In water g is strongly T dependent decreasing by 0.46% per
degree K near RT. At T=300 K TS =-1.38 G, greater than the free
energy G

1 kcal/mol =4.2 kJ/mol =0.043 eV



The Coulomb potential

lon-ion
interactions + - U = 99,

= 50-350 kJ/mol
) " 4me e x

o _ 00,

G__y 0 00, 00,05 _ .10

oI exr eerxr ol e dT

Therefore, the Coulomb potential is a balance between ion-ion
and ion-water molecule interaction. lons make work on
surrounding water forcing them to rotate and orient their dipoles

1 kcal/mol =4.2 kJ/mol =0.043 eV



Electrostatic self-energy

q
G=ifq'dq'=q2/2grr
Er

Is the self-energy of a charge, or the energy of placing an ion in a
dielectric medium (calculated from the work done to bring an
increment dg’ on the surface of a sphere with radius r and charge q’)

For water, it is the hydration energy.

To transfer a Na+ ion with r = 0.95 A from water to an hydrocarbon
medium (e goes from 80 to 2), the work necessary is of 85 kcal/mol.
In fact inorganic ions are generally insoluble in organic solvents.

It is difficult to move an ion inside a protein of a lipid bilayer!

lons are always attracted towards the region with higher ¢



lon-ion
Interactions

Multipole interactions

v

Even in neutral molecules, dipoles result from
the unequal distribution of e” due to differences

in electronegativity between atoms.

ion-dipole
interactions

dipole-dipole
interactions

00,

50-350 kJ/mol
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1 — 150 kJ/mol
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Induction forces

lons and dipoles can polarise the electron cloud of an adjacent molecule.
This causes an attractive force between the ion/permanent dipole and the
induced dipole.

Interaction proportional to
- r “* for ion-induced dipole
- r ¢ for permanent dipole/induced dipole interactions

Dispersion forces

Random fluctuations of the electron clouds cause temporary dipoles even
in uncharged molecules; these temporary dipoles will induce dipoles in the
adjacent molecules causing a weak attractive force (He liquefies at 4K).

Van der Waals attractive forces!

0.4 kJ/mol—0.35 nm bond length
Does not change in water!!



Dispersion forces

Fluctuactions of transient dipole moments can be attractive or repulsive.
The attractive configurations have a lower potential E than the repulsive
ones, meaning have larger weights in Boltzmann average and therefore a

net attraction.

The fluctuactions in the electronic structure responsible for the transient
dipole moments are much faster than molecular rotation in liquids.
Therefore such forces are not dependent on the specific medium.



Hydrophobic forces

Hydrophobic forces are very relevant in biology. They are primarily driven
by an energy cost of creating hydrocarbon-water contact.

There is a reduction of entropy of water close of a hydrophobic surface:
water becomes structured, even ice-like. It restricts the possible
orientations close to the surface and decrease entropy.

Y
S H adjacent 1o a hydrophobic molecde

~
T (I
0 suffer restricoions in orientation as
; they foem hydrogen bonds with
ather witer molacules
H H - B

Hydrophobx
mokecule -—H




Hydrogen bond

Hydrogen bonds are a particular case of a dipole-dipole interaction,
unusually strong because the small size of the H atom allows the dipoles to

come close to each other (~15-30 kJ/mol)

6+
C

_ ] hydrogen-bond
0 Q‘\acceptor

hydrogen-bond
donor

~

S
Z—I|||||||||||

or

Donors and acceptors must be
electronegative atoms (O, N)

17 kJ/mol—0.30 nm bond length

Becomes 4.2 kJ/mol in water!!

Hydrogen bonding in water:

Hydrogen bonds have a defined
lenght and orientation



Hydrogen bonds in biology

Hydrogen bonding interactions play a fundamental role in determining both the
conformation of biological macromolecules and their interactions with other

molecules.

The 3D structures of proteins are
stabilized by hydrogen bonds between
main-chain amide groups:

N—H., N—H
o=¢ 0=C

HC—R HC—R
HN \wH_h

c=0" c=0

protein secondary
structure: a B-sheet

The pairing of the bases in DNA is
mediated by H-bonds:



(A) hydrogen bond ~0.3 nm long
I 1
donor acceptor
atom atom

:.@_. " II|I|IIII||II@:

L 1
covalent bond
~0.1 nm long
= TABLE 2-1
O —H mmm o -
O Strength kJ/mole™*
O—H o d
Bond type Length (nm) in vacuum in water
O — H i N
Covalent 0.15 377 (90) 377 (90)
N — H i O .
® Noncovalent ionic* 0.25 335 (80) 12.6 (3)
N==Himmmmo hydrogen 0.30 16.7 (4) 4.2 (1)
N — H N van der Waals 0.35 0.4 (0.1) 0.4 (0.1)
donor acceptor attraction (per
atom atom
atom)
Figure 2-4 Hydrogen bonds. (A) Ball-and- *An ionic bond is an electrostatic attraction between two fully charged atoms. **Values in
stick model of a typical hydrogen bond. parentheses are kcal/mole. 1 kd = 0.239 kcal and 1 kcal = 4.18 kJ.

The distance between the hydrogen and
the oxygen atom here is less than the sum
of their van der Waals radii, indicating a
partial sharing of electrons. (B) The most
common hydrogen bonds in cells.



Classes of biological molecules

From a chemical point of view biological molecules can be
divided into four classes:

= carbohydrates
= |ipids
= amino acids (building blocks of proteins)

= nucleotides (building blocks of nucleic acids,
i.e. DNA and RNA)



Fatty acids

Carboxylic acids with long hydrocarbon chains (12-24 -CH,- units)

C18 C16 C18
COOH GOOH COOH Some have one or more double bonds and are called
(e G CH; unsaturated. The double bond is rigid and creates a

Ch cH, C N . .
SRR kink in the chain; the rest of the chain is free to rotate
CHy ?«, (I:u,
CH, CH, CH,

N W ¥ Stearic acid - saturated Oleic acid - unsaturated
rd rd 4

CH, CH, CH,
eh , cH , c!u,
(|:H, CH, | CH

(I:n, én, .

eh , én, CH,
(liH, <|:n, Clﬂ)
(IIH, én, Clu,
(lIH, <|:n, (IIM,
(l:H, (l.n, (l.u,
(:JH , én, (::u_,
(M2 palmitic ™
CHy acid CH,

stearic oleic
acid acid

hydrophobic tail

hydrophobic tail




Fatty acids are used as E storage

. o| fatty acids
To ensure a continuous supply of fuel for o

oxidative metabolism, animal cells store
glucose in the form of glycogen and fatty
acids in the form of fats.

glycerol

A fat molecule is composed of three molecules
of fatty acid linked to glycerol: triacylglycerols
(triglycerides).

Fat is a far more important storage form than
glycogen, because its oxidation releases more
than six times as much energy.

Triglycerides have no charge and are virtually
insoluble in water, coalescing into droplets in the
cytosol of adipose cells.




Phospholipids

In phospholipids, two of the OH groups of glycerol are linked to fatty acids,
while the third is linked to a phosphate group, which can be further linked
to a polar group such as choline, serine, inositol, etc...

S choline
_GE’ ohosphate Very asymmetric
- molecule:
e glycerol - hydrophilic HEAD
P - hydrophobic TAIL
fatty acids

hydrophobic tail




Phospholipids and membranes

Phospholipids are the major constituent of cell membranes.

When in aqueous environment the heads have
affinity for the water molecules, while the tails
tend to avoid water by sticking together.

Cellular membranes are essentially made up by

phospholipid bilayers.
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micelle lipid bilayer

Phospholipid mobility

lateral diffusion

JITRIR
T

flexion rotation

ﬂ|p flop
(occurs

\
|
|
’ very rarely)

Saturated vs unsaturated lipids

i 1

unsaturated, more
difficult to pack,
more fluid

saturated, easier
to pack, less fluid




Cholesterol and steroids

Steroids (such as cholesterol) have a rigid structure made up by 4 rings.

olar head , :
O . P Other important steroid are the sex
g ) hormones, such as testosterone and
CH, S \ estrogen: OH
e Ty
7)) \
o
= .
CH; CH, 5 =
?H 2L S
G S
GHz 3 0O testosterone
Cholesterol  §H S
CH —+
N L
CH3 CH3 - 3r

Cholesterol is an important component of the
eukaryotic membranes and has a key role in r
controlling the membrane fluidity.




Cell membranes

= biological membranes are fluid

= the fluidity is controlled by the % 1
of saturated/unsaturated fatty
acid and the % of cholesterol 1

" membranes are impermeable to
ions and most polar molecules
(H,O is actively transported in)

" many proteins are embedded in the
membrane

= the membrane is highly asymmetric

OUTSIDE

mmmiii

W\B W\N\} | VU\

INSIDE

i

)/

membrane

proteins

/glycolipid

phosphatidylserine and
. Phosphatidylethanolamine
(more negatively charged)



Self-assembly

Membranes are made of strongly anisotropic molecules
Strongly anisotropic molecules like to self-organizing
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1-Self-organized monolayers (on liquid surfaces)

Langmuir Films

Nonpolar tail

The term “molecular self-assembly” refers to spontaneous formation of an ordered
molecular overlayer on the surface, often proceeding through several consecutive stages
where 1D and 2D ordered structures can also exist.

Thermodynamically, molecular self-assembly proceeds toward the state of lower entropy,
and must therefore be compensated by a sufficient decrease of enthalpy due to

50
intermolecular and molecule-surface interactions.



2-Self-organized monolayers (on solid surfaces)

anchor transfer of LB films on substrates
hydrophilic hydrophobic T pressure measurement
head group < chain

I

movable barrier

45
E 40

Z 35
& 30

production of multilayers

!

area pressure 1
-—
(&)

20 20 24 26 28 30 32
area per molecule [A?] >1000 Iayers possnble

Progress in Surface Science 84 (2009) 230-278 §§§ §§E %EE 51
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Artificial lipid bilayers

35335355553% |, oo, e
gééiﬁ%%ié%ﬁ%?ﬁ cellular membranes
® 8% o ¥ %a% [i0204
\

Lipids behaviour Protein-lipid interactions Carbon nanotubes interactions

fluid
(disordered)

gel
(ordered)

Alessandrini, Facci. J Mol Recognit. 2011;24(3):387-96.




Amino acids
and proteins



Proteins

Proteins are linear chains -9 - O 00 - - - -

of amino acids.

These chains fold in 3D due to the ﬂ FOLDING

non-covalent interactions between
regions of the linear sequence

There are 20 different types

of amino acid, each with o0 ® ® C N ) ®
different physico-chemical o o0 O O
properties.

- FUNCTION DEPENDS ON 3D STRUCTURE
- 3D STRUCTURE DEPENDS ON SEQUENCE

- SEQUENCE IS DETERMINED GENETICALLY




Overview of protein architecture

1) structure and chemistry of amino acids

2) how amino acids are linked together through
peptide bonds to form a polypeptide chain

3) how the polypeptide chain folds in 3D
- secondary structure elements (a-helix and 3-sheet)
- how secondary structure elements pack together



Structure of amino acids

side chain

(one of 20) o-carbon
= | (or Ca)

amino carboxyl
group H group

At neutral pH:

NH, is a base —>NH3Jr

COOH is an acid——COO"
H H

I I
R-C-COOH =—== R-C-COO"

| |
NH, NH,

zwitterion
(dipolar form)




Structure of amino acids

side chain o-carbon
(one of 20) (or Cal)
F/

HN— C<-COOH
amino carboxyl
group H group

CORN rule:
looking down ‘CORN’
the H-Ca bond R

foran Lamino
acid we read
the groups
CO-R-N
clockwise

The Cais an asymmetric carbon
(bound to 4 different groups) and
therefore is a chiral centre.

Two configurations (stereoisomers)
are possible, which are one the
mirror image of the other:

mirror

L-amino acid D-amino acid

all amino acids in proteins are L!!




hydrophobic

hydrophilic

The 20 amino acids:

non-polar
ﬁ' e e M HeC H
CHy-C-COO HC-C-COO HC-CH,-C-COO .
& & / , H;,c-cu,-cm;fcoo
NH3 HaC *NHg HyC  *NHg "NH,

alanine (Ala)

H,C =— CH-COO
| |

HoC

proline (Pro)

valine (Val)

H
|
H-C-COO
|
*NHg

glycine (Gly)

leucine (Leu)

H
|

HS-CH,-C-COO
|

*NHg
cysteine (Cys)

aromatic

isoleucine (lle)

H
[

CHg -5-CHy-CH,-C-C(
|

NHy
methionine (Met)

(Phe)

cn-b-%-coo

*NHg

phenylalanine
H

» *NHg
tryptophan (Trp)

H

| HO H ',i
0 H 0 H ¥l -CH,-
" | wo “°'°“2‘°|'°°° CHy-CH-C-COO" Ho' o ci-coo
HaN-C-CH,-CH,-C-COO HaN-C-CH,-C-COO NH ’;l NHy
+,¢H3 q'ma Ha tyrosine
serine threonine (Thr) (Tyr)
glutamine (GIn) asparagine (Asn) (Ser)
> . o h histidine M
X | & M HyN-C-N-CH,-CH,-CH,-C-COO" H —CHy-C-COO
"0-C-CH,-CH,-C-COO o-lé-cu[c-coo H [ | l |
l | arginine *NHg H-N.  N-H  *NHy
(Glu) (Asp) i (His)
glutamic acid aspartic acid i |
HgN-CHy-CHy-CHy-CH,-C-COO
e ! basic
acidic (Lys) lysine *NH,




Properties of amino-acid side chains

R varies in
- shape
- Size
- charge
- hydrophobicity
- reactivity

: insoluble or slightly soluble in water
(side chains made of C, H, S - atoms with similar electronegativity)
avoid water by coalescing into oily droplets - the same forces
causes hydrophobic aa to pack together in the interior of proteins,
away from acqueous solutions.

: soluble in water
(side chains contains atoms such as N and O, which can make HB)
- polar
- basic
- acidic



Charged side chains

negative charge

Aspartic acid Glutamic acid

(Asp or D) (Glu or E)
| |
CHy CH,
' CH
éC\ ] | :
O O //C\
O O
PK,=3.9 pK,=4.2

at neutral pH

Histidine
(His or H)

positive charge

Lysine
(Lys or K)

CH,
CH,
CH,
CH,
NH;"

pk,=10.8

Arginine
(Arg or R)

|
o
o

o




Histidine

The side chain of a histidine residue is uncharged at high pH

HN/E —_— N/w + H*

NH
"~ Resonance - proton can
be on either nitrogen

Charge on His residue in a protein at neutral pH will depend on the local
environment - small shifts of pH or local environment can change the charge of
a His (important in enzyme mechanism)



Uncharged polar side chains

Asparagine Glutamine Serine Threonine Tyrosine
(Asn or N) (GInor Q) (Ser or S) (ThrorT) (TyrorY)
(I:H cl:H CH, CH CH,
: 2 e [OH |
! I 3
/C CH, =
7\ :
O NH, ('3 ‘
4
d “NH, N




Non-polar side chains

Alanine Valine Leucine Isoleucine
(Ala or A) (Val or V) (Leu or L) (lle or 1)
| /CH\ CH, /CH
\
CH3  HiC" 'CHs ClH HsC (|3H2
/ \
SMALL HsC CHs CHs
Glycine Phenylalanine Tryptophan
(Gly or G) (Phe or F) (Trp or W)
H CH, CH,
Glycine is the 0
smallest amino acid: ‘ (
has no side chain X HN
and is not chiral LARGE




Remaining non-polar side chains

Cysteine
(Cys or C)

CH,
SH

Cysteine residues can

form disulphide bonds.

Methionine
(Met or M)

|
o
CH,

’

CHs

Proteins usually
start with a Met

Proline
(Pro or P)

H O
|

— N—C—C—
/ \
H,C CH,
C
H>

The side chain is covalently
bonded to the main chain
nitrogen. This locks the
conformation around the N-Cao,
bond — reducing flexibility of the
polypeptide chain.



Disulphide bonds

A disulphide bond can form between two cysteine residues in proteins.

|C|) H Extracellular proteins often
~ \Q/ N (”) . (k:)ont(jm several disulphide
/!y . N onds.
H,C e \C/ . .
\S /i Disulphide bonds do not form
H Hzc\ in the cytosol.
i S
Cysteine Oxidation / r O H 4 e
* Reduction S
s”H N\
CH
\CH H /o Disulphide bonds can link
H /) 2 \N/C\C/ cysteine residues within a single
\N/C\C/ H y) polypeptide chain or on
H Icl) different polypeptide chains.

Cysteine Cystine



Amino acids as neurotransmitters

Direction of
nerve impulse

Glutamate is an excitatory neurotransmitters

H
0
H3N_(|3_C\~ - Glutamate
o
CHy (release of glutamate leads to the

Cl; opening of cation channels and the
o/' \\O depolarisation of the membrane)

+

Glycine and y-aminobutyric acid (GABA) are inhibitory
neurotransmitters

H
+ |
HsN—C—H
+ ||_I 0 o
H;N—C—C{ - OHe
Il-l 0 GABA (|;|-|2

. C
Glycine 7

Presynaptic
membrane

Synaptic
vesicle

_— Synaptic cleft

Postsynaptic
membrane

(release of glycine or
GABA leads to the
opening of Cl channels)

formed from glutamate by loss of
carboxyl group



Overview of protein architecture

1) structure and chemistry of amino acids

2) how amino acids are linked together through
peptide bonds to form a polypeptide chain

0000000000 -

3) how the polypeptide chain folds in 3D
- secondary structure elements (a-helix and -sheet)
- how secondary structure elements pack together



The peptide bond

The amino acids of a protein are joined together through a covalent bond between
the carboxyl group of one aa and the amino group of the next aa (peptide bond).

H H H{o |[H

| | IR
HoNCCOOH) + (H,NECOOH —— HoN-C{C-N|C - COOH

| | TR

R R Rl H|R +H,0

This produce a chain of amino acids which is asymmetric: on one end there is
a free NH, group (N terminus) and at the other end a free COOH (C terminus).

H O H O H O H A peptide/protein sequence
1N Lo | | : )
N HoN)C-C-NH-C-C-NH-C-C- NH-C {Coon C is always given from the N to
| ( ' | the C terminus (here RAFG).
R & " foe
arg ala phe gly

o)
>
-
(@)



Primary structure

the linear sequence of amino acids

- the sequence is always written N—=C

- each protein has a unique and defined sequence, which is genetically
determined

- a typical protein contains 100-1000 aa

- sequencing=determining the number and order of the aa in the chain

0000000000 -

In 1953 Saenger sequenced insulin (Nobel price); now it is more common to
sequence the corresponding gene.

We can guess the function of an unknown protein if it shows sequence similarity
to a protein of known function.

Often we know the sequence of the same protein from different organisms: these
are more and more different the more the organisms have diverged in evolution.

Proteins evolve by changing (little by little) their aminoacid sequence



Noncovalent bonds and folding

glutamic acid
— -
L1
electrostatic
CH, attractions

alanine

Figure 3-4 Three types of noncovalent bonds help proteins fold. Although a single one of these bonds is quite weak, many
of them act together to create a strong bonding arrangement, as in the example shown. As in the previous figure, Ris used as a
general designation for an amino acid side chain.



Planarity of the peptide bond

T Partial double bond character of the N-C bond
N N Nl leads to restricted rotation
| T T ‘ the region NH-CO is planar:
H H

delocalisation of the = electrons
over the entire peptide bond,

rather than simply over the C=0 B povtide b plane
bond
The peptide bond can assume a trans In the case of prolines, the
or a c/s conformation: the trans form is trans form is only favoured 15:1

favoured 1000:1.

T CCP TN trans
o i feE

trans CIS \



The ideal peptide

C-N single bond ~ 1.48 A

C=0 double bond ~ 1.20 A

peptide bond C-N = 1.32 A (i.e.
shorter than a single bond due to
partial double bond character)
while C=0 bond is slightly longer

Peptide bond = Average length | Single Bond | Average length Hydrogen Bond ' Average (£0.3)
Ca-C 1.51 (A) C-C 1.54 (A) O-H --- O-H 2.8 (A)
C-N 1.32 (A) C-N 1.48 (A) N-H --- O=C 29 (A)
N-Ca 1.46 (A) C-0 1.43 (A) O-H --- O=C 2.8 (A)



The torsion angles ¢y and ¢

H R Peptide

\ / H torsion
2

R1

y /0
Ca
omega (W) = rotation around C-N bond
not allowed because of resonance,

therefore w=180° (for trans) The main chain conformation is defined
by the sequence of the (y,$) angles:
the list of the (y,¢) for each amino acid

_ _ dictate the fold of the polypeptide chain, i.e.
phi (¢)= free rotation around Ca-N bond the 3D structure of the protein

planar region

psi (Y)= free rotation around Ca.-C bond



Overview of protein architecture

1) structure and chemistry of amino acids

2) how amino acids are linked together through peptide
bonds to form a polypeptide chain

3) how the polypeptide chain folds in 3D:

- secondary structure elements
(a-helix and P-sheet)

- how secondary structure
elements pack together




Protein architecture

Secondary Tertiary structure Quaternary structure

structure _ N
the number and relative position

how the secondary structure e Lt
of the subunits in a multimeric

local organisation elements pack together to _
of the polypeptide give a 3D structure protein
chain

monomer
(or subunit)




The a-helix

[ i+1 i+2 i+3 i+4

all main-chain CO and NH are bonded

3.6 amino acids per turn;
1.5 A rise per amino acid
— 5.4 A pitch

each peptide bond has a small dipole
moment; in a helix all peptide bonds
point in the same direction and generate
a dipole pointing towards N

H-bonding pattern CO. > NH,,,
(local interactions)




The a-helix

rod-like structure with side
chains extending outside

if the helix is oriented so
that it goes from N (top)
to C (bottom), the side
chains point upwards

nitrogen

® oxygen
carbon

R=side chain

always right-handed

right

left

can accommodate all
residues except proline



The B-sheet

anything between 2 and few
\\ hundreds amino acids

\

! [3-strand
>~ P-sheet

p-strand
(zig-zag)

the polypeptide is almost fully extended (3.4 A per residue)

hydrophilic
side chains points alternatively up and down

INSIDE
hydrophobic

stabilised by main-chain:main-chain NH/CO hydrogen bonds between adjacent
strands; contrary to the a-helix these are H bonds between NH/CO groups far apart
in the amino-acid sequence



The B-sheet

can be parallel (strands or antiparallel (strands
run in the same direction) run in opposite direction)

ALY O NORN

hydrogen N C
bonding
pattern C N
N C

We often have mixed 3-sheet, with some strands parallel and some antiparallel.

CO

N C
N C
C
N




Tertiary structure:

how the secondary structure elements pack
together to give a 3D structure

3D structures are held together by “hydrophobic forces” and hydrogen bonds

hydrophobic side chains tend to Sulfide
cluster together in the interior of Crosslink Hydrophobic

the protein ’ j =0 interaction
polar and charged amino acids \\ / o
' \

interact with each other through
hydrogen bonds and ionic
interactions or gather on the

outside of the protein where COO- H;N* \
they can interact with water D~
molecules T O~
L S 4 ~
in some proteins S-S bonds 3 _’ salt bridge .~  Hydrogen
g T— . bonding

and metal ions help to stabilise
the 3D structure



Tertiary structure:

All proteins have a well defined structure. A randomly arranged polypeptide
has no biological activity

The function of a protein depends on the structure.

Sulfide

Proteins with similar Crosslink Hydrophobic
sequences have similar \ j R
structures (and similar / F
functions), but not 849
always the opposite is /|
true: proteins with very COO" H,N* </
different sequences L
can adopt similar \j T J o~ .
conformations! L/ Salt bridge "0 Hydrogen

bonding

The structure is more conserved than the sequence.



Tertiary structure:
motifs in protein structures

Secondary structure elements are often connected to form structural motifs, i.e some specific
geometric arrangements that occur often in protein structures; some of these motifs may be
associated with certain functions, others have no specific biological function.

It is difficult to systematically list and classify all the motifs - here are examples of some of
the common ones:

Leu zipper

a leucine
residue
repeated
every /
residues.




Tertiary structure:
motifs in protein structures

B barrel

o/ barrel

....and many,

Mif many more!!lll
‘ Qi. “4.“ j
JLIL




Quaternary structure:

how subunits aggregate to form multimeric proteins

Covalently-linked polypeptide Hetero-multimers: different polypeptides
chains aggregating together to form a unit.
For example An example is the F1

an antibody is
formed by two

head of the ATP synthase
which is formed by 3 a

copies of a subunits, 3 3 subunit
heavy chain H and one each of vy, €, d
(in blue) and subunits.

two copies of

a light chain The entire molecule is
(in grey) even more complex,
connected with a transmembrane
by disulphide portion as well:
bridges

m= S-S bridges

F( subunit

in metnbrane F{ head group



Quaternary structure:

how subunits aggregate to form multimeric proteins

Homo-multimers: multiple copies of the same polypeptide associating
non-covalently.

Such complexes usually exhibit rotational symmetry about one or more axes,
forming dimers, trimers, tetramers, pentamers, hexamers, octamers, decamers,
dodecamers, (or even tetradecamers in the case of the chaperonin GroEL).

GROEL:
7-fold axis @
/2 symmetry

Lysyl-tRNA synthetase:
2-fold axis



Quaternary structure:

how subunits aggregate to form multimeric proteins

Larger Structures

The molecular machinery of the cell and indeed of assemblies of cells, rely on components
made from multimeric assemblies of proteins, nucleic acids, and sugars. A few examples
include :

e\/iruses

e Microtubules
eFlagellae
*Ribosomes
eHistones

Here is the 3D
structure of the
large subunit of
the ribosome




Fibrous proteins

Triple helix in collagen - next

Coiled-coil a-helices present in keratin and myosin:

two a-helices twisted around each other to form a left
handed coiled coil (7 residues repeat)

Example:a myosin molecule

11 nm

heavy
chains

s IOt Chains

coiled-coil helices

B-sheets in amyloid fibres, spider webs and silk M
antiparallel 3-sheet whose chains extend parallel W 035 nm
to the fibre axis W 0.57 nm

0.35 nm




Fibrous proteins: the collagen helix

Collagens are family structural proteins forming the tendons and the extracellular
matrix. Bones and teeth are made by adding mineral crystals to collagen.

Collagen is composed of three chains wound together in a triple helix.

Each chain is very long and consists of a repeating sequence of three
amino acids: every 3rd amino acid is a glycine that fits in the interior
of the triple helix; many of the remaining positions contain prolines
and hydroxyprolines:

HO H,
N~ C OH
et The enzyme that modifies a proline
| CH—C . . oS RTTE
\\ into hydroxyproline requires vitamin C;
HC TN 0 lack of vitamin C causes scurvy.
H
Hydroxyproline

There are other non-standard aa (such as hydroxylysines) which are
used to crosslink the chains.



Membrane proteins: biological roles

Membrane proteins are defined as proteins that sit in the lipid bilayer: they
perform very different biological roles:

- pumps
- channels control the flow of chemicals and information
- receptors between the inside and the outside of the cell and

: mediate communication between different cells.
- cell-to-cell adhesion

TRANSPORTERS LINKERS RECEPTORS ENZYMES

EXTRACELLULAR
SPACE




Structures of membrane proteins

Less is known about the 3D structure of membrane proteins since in general
they are much more difficult to crystallise than soluble proteins.

They are often built of a-helices
spanning the membrane; but some
are built of extended p-barrels
(such as porins)

membrane

helix

Contrary to soluble proteins, the hydrophobic residues will

be on the outside, where they will interact with the chains of 7 N
the lipids, while hydrophilic side chains will cluster inside /// \\\\
\ 7

B hydrophilic
L] hydrophobic




Membrane proteins associate with
the lipid bilayer in various ways:




Examples of membrane proteins:
the photosynthetic reaction centre

Structure determined by R. Huber,
H. Mitchell & H. Deisenhofer
(Nobel prize 1988)

Found in the membranes of chloroplasts

and in photosynthetic bacteria; convert
into electrical and

chemical energy.

Contains a lot of pigments
(such as chlorophylls,
quinons, carotenoids,
etc...) to capture photons

membrane



Examples of membrane proteins:

seen from the top
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the bacterial toxin a-hemolysin

seen from the side

due to the central pore



Denaturation

Many proteins can be unfolded and refolded:

FOLDED, active protein UNFOLDED, denatured protein
urea, pH, high T
l H
active
site

refold = regain biological activity unfold = loose biological activity

When a protein contains disulphide bridges (S-S)
we also need to reduce them to SH to unfold.

It does not work for all proteins - some proteins, once unfolded cannot be easily
refolded again.




Denaturation

Many proteins can be unfolded and refolded: differential calorimetry

ot
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How do proteins fold in the cell?

Amino Acid Sequence

The amino-acid sequence specify the 3D
structure, which is (probably?) the energy
minimum for that particular sequence...

BUT how does a protein reach the correct three-
dimensional fold?

by trying out all the possible conformations?

- consider the number of possible conformations of a chain of 100 amino acids

- assume each amino acid can have only 3 different conformations

- 3100 = 5x10% possible different conformations

- if it took only 0.1 psec (1013 sec) to try each possibility, it still would take
1.6x10%7 years to find the minimum of energy!

II‘ There must be a ‘folding pathway’!!!

first forming local structures quickly, then packing them together



The “folding problem”

Experimental approach

Studying experimentally how folding of a particular protein occur by using
techniques like NMR which can detect the presence of secondary structure
elements in a partially unfolded protein (trying to determine the ‘folding pathway’)

Studying experimentally how folding occur : some proteins fold by
themselves, others require the help of other proteins called chaperones.

Theoretical approach

Amino Acid Sequence

Using bio-informatics to predict the 3D structure from the
amino-acid sequence. The sequence dictate the fold, but
we are not very good at going from the sequence to the
structure!

Problems?

- poor energy functions and parameters

- complexity

- treatment of solvent




Molecular evolution

Proteins evolve by changing little by little their amino-acid sequence
Changes are due to random mutations in the gene that code for that protein

- some mutations disrupt the structure and/or function of the protein and are
eliminated by the selective pressure

- some mutations are ‘neutral’ and therefore allowed

- some (rare) mutations improve the functionality of the protein or change the
function in a way that is advantageous for the cell

‘ evolution will select the favourable mutations

A lot of small changes occurring in all protein sequences accumulate with time
and are responsible for the variety of living forms we see.

By comparing amino-acid sequences of proteins we can build evolutionary trees:

- key residues (structurally or functionally) are usually conserved

- other residues are usually very similar in organisms that have diverged recently
but more and more diverse in distantly related organisms



Summary

Amino acids: structure and properties

The peptide bond: polarity of the bond, concept of primary sequence, planarity
and torsion angles.

Secondary structure: the a-helix and the p-sheet.
Tertiary structure and motifs.
Quaternary structure and multimeric proteins.

Fibrous proteins: coiled-coil, amyloid fibers, collagen triple helix.
Membrane proteins.

The folding problem.



For an acid:

HA H* + A

and the dissociation constant is Kis an equilibrium constant
/ (in this case an acid dissociation
+ +
GH, < GH +H constant )

where [X] indicates the
molar concentration of X

GH <G +H"

We define:

eg K =107 thenpk. =9
pKa = _|0910(Ka) 5 % PP

More dissociated = more equilibrium to right = larger K, = smaller pK,

Smaller pK, = strong acid / weak conjugate base

Larger pK, > weak acid / strong conjugate base



Dissociation of water

Water has a small tendency to dissociate: H,0 === H" + OH’
proton \
hydroxyl

In reality, protons are not free in solution and it is more correct to write:

base acid acid base but we can ignore
+ - . .
H,O + H,0 =—= H30 + OH this and only consider

\ protons (H*).

hydronium ion

ie.l uM
For pure water: [H']=[OH ]=v10™" =10""M -~



P

The acidity of a solution is measured +
on a "pH" scale where: pH = _Iog10[H ]

For pure water [H*] =107M and thus the pH =-log(107) =7

pH< 7.0 then [H+]>[OH-] -2 solution is acidic

pH>7.0 then [H+] <[OH-] —> solution is basic (or alkaline)

Practical pH range is between 0 and 14:

Acidic Basic
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

lemon vinegar blood

pure household

juice Coca Cola
) water bleach



P

The acidity of a solution is measured +
on a "pH" scale where: pH = —|Og10[H ]

For pure water [H*] =107M and thus the pH =-log(107) =7
pH< 7.0 then [H+]>[OH-] -2 solution is acidic

pH>7.0 then [H+] <[OH-] —> solution is basic (or alkaline)

The interior of a cell is kept close to neutrality by the presence of
buffers: weal acid and bases that can release or take up protons near

pH 7, keeping the environment of the cell relatively constant under a
variety of conditions.



