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Biological macromolecules, protein, RNA, DNA & polysaccharides

Provides a description of their structures at various levels, from the 
atomic level to large multisubunit assemblies.

Their behavior in electric, magnetic, or centrifugal fields

Basic principles of structure and structural complexity found in
biological macromolecules.

1.1 Physical properties 

Chapter 1
Macromolecular Structure and Dynamics
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Chemistry:
covalent bonded in specific proportions according to weight or stoichiometry
and with unique geometry.

1.1.1 Macromolecules

What is a molecule?
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What is a molecule? 

Biochemist: 
not necessary covalent bonded 
but noncovalently associated polymers.

Ex: Hemoglobin
4 subunits/ monomer units/α2β2
Large and complexity

atoms  ⇒ functional groups  ⇒ monomer/multimer etc.,
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The DNA of human chromosome/ tens of billions of atoms

25 residues/ oligomers

DNA condensing j-protein of the virus g4/24 aa

What is considered to be large?

Monomers: building blocks (aa/sugars) polymerized to a macromolecule.
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Primary structure (1°): linear arrangement/ colvent linked polymer

Secondary structure (2°): local regular structure, helical structures

Tertiary structure (3°): 3-D topology of the molecule, functional molecule 
structure. domain, motif etc.

Quaternary structure (4°): multiple distinct polymers (or subunit) that form a 
functional comples. Tetramer, dimer etc.



6

1° ⇒ 2° ⇒ 3° ⇒ 4° ( if present)

How molecule folds into its functional form? 
Not clear

•“molten globule state”
less compact 3° structure; must occur to form the environment to 
stabilize 2° structure.

•Protein-folding problem

•Model: described the atoms and the positions of the atoms in the 
3D space

•Atomic coordinates (x,y,z) in space.
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1.1.2 Configuration and Conformation

•Conformation

•Configuration

The arrangement of atoms or groups of atoms in a molecule is 
described by the terms configuration and conformation.
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•The position of groups around one or more nonrotating
bonds or around chiral centers

•Configuration

•To change the configuration of a molecule, chemical 
bonds must be broken and remade.

•Ex. cis- or trans-configurations

anti clockwise

•defined as an atom having no plan or center of 
symmetry.

Ex: L- & D-stereoisomer of a chiral molecule
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Conformation
•The arrangement of groups about one or more freely rotating
bonds. 
•A molecule does not require any changes in chemical 
bonding to adopt a new conformation, but may require a new 
set of properties that are specific for that conformation.

Ex: gauche and anti structural isomers
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The Stereochemistry of monomers

Most biological macromolecules are chrial molecules

L- and D-glyceraldehyde
L-: rotate in an anti-clockwise direction around the chrial carbon.
D-: rotate in a clockwise direction around the chrial carbon.

Biopolymers are typically constructed from only one enantimer (L form) 
of the monomer building block.

Amino acid / the chiral center is the carbon directly adjacent to the 
carboxylic acid (the Cα-carbon)
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Counter Clockwise/ S

The Stereochemistry of monomers

Clockwise/ R
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Torsion angle: “θ“ (-180° to +180°)
The angle between two groups on either side of freely rotating chemical 
bond.

Dihedral angle “φ“ (0° to +360°)
The angle between the normals of the planes formed by the atoms A-B-C 
and that of atoms B-C-D.

Changed the conformation of a molecules does not make a new molecule, but 
can change its properties

Torsion angle and Dihedral angle are Complement         φ =  θ +180°

Conformation of molecules



13

Conformation of molecules

The rotation around a single bond is described by torsion angle θ
of the 4 atoms around the bound A-B-C-D

Torsion angle: “ θ ”
(-180° to +180°)

φ =  θ +180°

Dihedral angle “ φ ”
(0° to +360°)
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Properly folded conformation of a protein

⇒native conformation 

⇒functional form

Unfolded or denatured conformation

⇒nonfunctional 

⇒ proteolysis by the cell
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Configuration is fixed by covalent bonding

1.2 Molecular interaction in Macromolecular 
Structure

Conformation is highly variable and dependent on a number of factors

Folding of macromolecules depends on a number of interactions, including the 
interactions between atoms in the molecule and between the molecule and its 
environment
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1.2.1 Weak interactions

Conformation of a macromolecule is stabilized by weak interactions with 
energies of formation that are at least one order of magnitude less than that 
of a covalent bond.

Distance-dependent interactions
Inversely proportional to the distance r (or r2, r3 etc)
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1.2.1 Weak interactions

Longer range interactions 
charge-charge  α 1/r
charge-dipole α 1/r2

dipole-dipole α 1/r3

Short range interactions
dipole-induced dipole interaction (dispersion) α 1/r4

dispersion (very short-range interaction ~1nm) α 1/r6

steric repulsion α 1/r12
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Strong interaction of covalent bind (200-
800 kJ/mol).

Weak ion-ion, dipole-dipole, dispersion 
and hydrogen bonding interactions (0-60 
kJ/mol)

Van der Waals radius / rvdw : an 
optimum distance separating any tow 
neutral atoms at which the energy of 
interaction is minimum
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Longer-range interactions (charge-charge, charge-dipole and dipole-dipole) 
are dependent on the intervening medium, shielded in a polar medium and 
weakened.

The least polarizable medium is vacuum, 
dielectric constant of kεo = 4 π 8.85 x 10-12 C2/J m (D)=1

Inversely related to the dielectric of the medium

Weakened in a highly polarizable medium such as water (~80D).

Dielectric constant/ the environment factor in stabilizing the conformation of a 
macromolecule.

How the environment affects the weak interactions

2 additional interactions (hydrogen bonds & hydrophobicity)

Longer-range interaction 
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Biological system 
70% water, aqueous solution, dilute aqueous solution

Membranes
Nonaqueous environment, 
For protein that are integral parts of the bilayer of the membranes

ex: TATA-binding protein 
An important aromatic interaction between a Phe of protein and the 
nucleotide base of the bound DNA. 
Represent an important nonaquous enviroment

Solvent molecules
Water (ex: between protein and its bound DNA) 
often helps to mediate interaction, 
treated as part of the macromolecule rater than part of the bulk solvent.

1.3 The Environment in the Cell
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Intramolecular interaction /within molecules

Intermolecular interaction /between molecules

1.3.1 Water structure

H2O molecule

Tetrahedral, SP3 Oxygen atom

Two hydrogens and two pairs of nonbonding electrons

“O” is more electronegative than “H”
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1.3.1 Water structure
HB acceptor

HB donor HB donor
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Higher electronegativity higher electron affinity
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The dipole moment of O-H is from the 
“H” (+ end) to the “O” (- end) 

1.86 debye (deye=3.336 x10-30 C/m) 
(Isolated water)

2.6 debye (a cluster of 6 waters or more) 

3 debye (ice)

Water is highly polarizable, as well as 
being polar. 
has a high dielectric constant relative to a 
vacuum (D ~80 D, kεo)
water-water hydrogen bond, hydrogen-
bond donor & hydrogen-bond acceptor, 
form a hydrogen bond network.

H-bond:  2.5 ~ 3.2 / 3.5A
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Crystalline ice form of water/tetrahedral and hexagonal arrays 
Liquid water freezes to different ice forms dep on Temp & Pressure
“H” can only be ordered precisely at pressure>20Kbars and temp<0ºC

Ice VIII
more ordered form, 
hexagonal arrays (low T & 
high P)

Ice IX
more compact form, 
pentagonal arrays 

Water freezes to different ice forms
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Cage-like clathrate structure

The solvent structure is composed of regular Hexagonal & pentagonal faces
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The structure of liquid water is very similar to that of ice I (0°C/ 1 atm)
Vibration frequency : O-H bond / ice < liq water <CCl4
The structure of liquid water is more dynamic than ice the pattern of H-bonds 
changing about every p-sec.

Vibration Frequency of O-H bond of H2O
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1.3.2 The interaction of Molecules with water

Water
• Polarizability

• Affect the interaction between charged, polar but uncharged and  
uncharged and nonpolar groups

• Solvent form an envelop

• Form a Cage-like clathrate structure around ion, ex (fig1.9)/ Overcome  
low  entropy 
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Hydrophilic compounds/water-loving (ex. NaCl)
The strong interaction between the charged ions and the polar water 
molecules in highly favorable, even unfavorable entropy.
Ice IX-rigid ice-like cage
The waters around hydrophilic atoms typically form arrays of 6 or 7 water 
molecules.

Hydrocarbon /Hydrophobic or water heating (ex. Methane) 
Highly soluble in organic solvent

Like dissolve like
Polar charged compounds – soluble in polar solvent, water
Nonpolar compounds-soluble in nonpolar organic solvent, chloroform

1.3.2 The interaction of Molecules with water
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Amphipathic molecules are both hydrophilic and hydrophobic
Ex. Phospholipid

a charged phosphoric acid head group/solube in water 

a long hydrocarbon tail /soluble in organic solvents

Different parts of amphipathic molecules sequester themselves into 
different environments.

Amphipathic molecules
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Micelles: formed by dilute dispersions

Monolayer: at the air-water interface

Bilayer vesicle: useful in biology as a membrane barrier to distinguish  
between interior and exterior environment of a cell or organelle.

The types of the structures of phoslipids
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Monolayer: at the air-water interface

Micelles: formed by dilute dispersions
Bilayer vesicle: useful in biology as a membrane barrier to distinguish between 
interior and exterior environment of a cell or organelle.

Structures formed by amphipathic molecules in water
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Protein and nucleic acid are amphipathic molecules

Protein and nucleic acid are amphipathic molecules

Nucleic acids are composed of hydrophobic bases and negatively charged 
phosphates.

The Hydrophobic effect directs the folding of macromolecules and 
stabilizes the macromolecular structure
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Significant differences between a cell membrane and the aqueous 
solution in a cell

1.3.3 Nonaquous Enviroment of Biological Molecules

Water-soluble protein the hydrophobic group exposed to the solvent and
the hydrophilic atoms form the internalized core.

An integral membrane protein can be though of as being inverted 
relative to the structure of a water-soluble protein, with the 
hydrophobic groups now exposed to the solvent, while the hydrophilic 
atoms from the internalized core

Ion channel: The polar groups that line the internal surface of the 
channel mimic the polar water solvent, thus allowing charged ions to 
pass readily through an otherwise impenetrable bilayer.
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An integral membrane protein can be though of as being inverted relative to the structure of a water-
soluble protein, with the hydrophobic groups now exposed to the solvent, while the hydrophilic atoms from 
the internalized core

Ion channel: The polar groups that line the internal surface of the channel mimic the polar water solvent, 
thus allowing charged ions to pass readily through an otherwise impenetrable bilayer.
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Es = q2 / 2 D rs

The Es of an ion in water is 40-times lower that in a lipid bilayer.
Ion in Membrane is 10-18 times lower than that in water/ efficient barriers

Ion in H2O:      Es small, translate faster
Ion in membrane:  Es large, translate slower

Self-energy ( Es )
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Es = q2 / 2 D rs

Ex. Lysine Pka=9.0 for the side chain would be protonated and positively 
charged in water

If we transfer this charged aa (r=0.6 nm) into a protein interior (D~3.5), the 
difference in Es in the protein versus water is ΔE ~ 40 kJ/mol.

Es = q2 / 2 D rs = (q lys)2 / 2 kεo x 3.5 x (0.6 nm)  =  40KJ/mol
Δ Pka = ΔEs / 2.303 kB T 

Pka<1, for a lysine buried in the hydrophobic core of a globular protein and 
therefore would be uncharged unless it is paired with a counterion such as 
aspartic acid residue.

Self-energy ( Es )
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Biological systems tend to be symmetry
Building blocks (aa) are always asymmetry

1.4 Symmetry relationships between molecules

Symmetry/in composition, shape and relative position of parts that are on 
opposite sides of a dividing line or median plane of that are distributed about a 
center or axis

Mirror: relates 2 motifs on opposite sides of a dividing line or plane
Rotation: relates motifs distributed about a point or axis
Screw symmetry: Rotation + Translation

Symmetry element, symmetry operator O, O (m)= m’

Point symmetry/point group: a point, line or plane passes through the center of the 
mass of the motifs.
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Symmetry/in composition, shape and relative position of parts that are on opposite sides 
of a dividing line or median plane of that are distributed about a center or axis
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Right-handed Cartesian coordinates
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▏ a1 b1 c1 ▏ ▏x ▏ ▏x’ ▏
▏ a2 b2 c2 ▏x ▏y ▏=  ▏y’ ▏
▏ a3 b3 c3 ▏ ▏z ▏ ▏z’ ▏

Matrix form (x,y,z) to (x’, y’,z’)

a1x  +  b1y  +  c2 z  =  x’
a2 x + b2y  +  c2 z  =  y’

a3 x  +  b3y +  c3 z  =  z’

For 3D coordinate system, a symmetry operator can be 
represented by 

1.4.1 Mirror Symmetry
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Plane mirror symmetry / reflection plane

xz plane mirror symmetry: (x, y, z)  ⇒ (x, -y, z)
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1.4.2 Rotational Symmetry
Two-fold rotational axis/ Two-fold symmetry/ dyad symmetry

2-fold, z-axis is perpendicular to the page of the figure (x,y,z) ⇒ (-x, -y z) 

For the rotational angle θ, the symmetry is said to be related by n-fold rotation 

Cn - symmetry n=360°/θ
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1.4.2 Rotational Symmetry

▏ cos θ - sin θ 0    ▏
▏ sin θ cos θ 0    ▏
▏ 0         0 1    ▏

Cn symmetry,      n= 360o/ θ

For rotation about the z-axis by any angle θ , the general operator in matrix form is
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Pseudo 
symmetry:  Motifs 
appear symmetric, 
but not truly 
symmetric
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1.4.3 Multiple Symmetry Relationships and Point Groups
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Point Group
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N (total repeating motifs) = 3m

Cn, n-fold rotational axis is the Cn-axis, value n also refers to the # of motifs 
that are related by the Cn axis.

C1: a single motif that has no rotational relationships. This can only be found 
in asymmetric molecules that have no plan or center of symmetry (ex. Chiral
molecules) 

m: m-hedral symmetry, there are m faces on the solid shape, the total # of C3
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Tetrahedral Octahedral Icsohedral

m 4 8 20

N 
(Total motifs)

12 24 60

#2-fold 6 12 30

#3-fold 4 8 20

#4-fold 3 6 15

Symmetry in each point group
N: the # of repeating motifs, N=3m N= m x n, m number of Cn symmetry axes

Ex: icosahedral, N=3x20=60, 60 repeating motifs
12 of C5 symmetry axis (12 x 5 = 60), 
30 of C2 symmetry axis 
no true C6 axis in icosahedral
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Translation: simply moves a motif from one point to another, without 
changing its orientation.

T: translation operator

(x, y, z) + T = (x+Tx , y+Ty, z+Tz) 

Screw symmetry/Helical symmetry: translation + rotation

Cn (x,y,z) + T = (x’, y’, z’), 

the translation resulting form a 360° rotation of the screw is its pitch.

right-handed (clockwise) & left-handed (counterclockwise)

A helix n-fold screw symmetry, n times to give one complete turn of the helix.

1.4.4 Screw Symmetry
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1.4.4 Screw symmetry
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1.5.1 Amino Acids
Proteins are polymers built from amino acid.

20 amino acids, α amino acid with amino and carboxylic acid groups 
separate by a single Cα carbon. 

L-amino acids: natural aa

D-amino acid: unnatural aa, are found in the antiviral protein valinomycin
and gramicidin, produced by bacteria.
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2 examples: rubredoxin and HIV protease from synthesized D-aa and determined 
by X-ray (fig1.20). 

Rubredoxin crystal structure
Racemic mixture/equal proportions of the 2 steroisomers
related by a mirror symmetry operate

HIV protease
Inverted protein did not cat. the nature substrate, lysine
Native enzyme was inactive against the inverted substrate.
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Hydropathy partition (P) = Xaq/ Xnonaq

Xaq : the mole fraction in aqueous Xaq
Xnonaq : the mole fraction in organic phase.

+: nonpolar SC, -: polar and charged SC
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The interaction tend to place of the aromatic rings perpendicular to each 
other when buried in the interior of a globular protein, or within the 
hydrophobic region of the membrane bilayer in membrane protein.

Similar to the perpendicular arrangement of benzene molecules in solution. 

Faces stacked parallel is entropically favored

The structures of nucleotide bases in DNA and RNA form parallel stacks to 
reduce their exposure to the solvent.

Do not need to minimize their exposed surface to water.

Hydrophobic aromatic SC
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Isoelectric point (pI): total charge is zero

Charged density of a protein (ρc)

Estimated as the ration of the effective charge of a protein at any pH relative to 
its molecular weight

The charge density of a protein ρc = (pI-pH)/MW
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1.5.2 The Unique Protein Sequence
The sequence of a protein is the covalent linkage of aa by peptide bonds 

2 freely rotating bonds for each aa
“ φ ” torsion angle: the rotation N-Cα bond 
“ ϕ ” torsion angle: the rotation Cα-C bond
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For example, tripeptide, 
20x20x20=8000 different possible sequences

a small protein size N≈100, 
20100 ≈ 10130 different possible aa sequences

More than the # of particles currently thought to be in the universe
Equal probability of p;acing each of the 20 aa at any particular 
position along the peptide chain
This assumption may not be correct
the simple analysis could lead to incorrect conclusions

The most accurate estimate for the frequency of the occurrence of a 
polypeptide sequence must take into account the statistical 
probability for the occurrence

Basic statistical approach 
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“ELVIS” occurred 4 times in 25,814 protein sequence

It is significantly higher that we would expect from the random occurrence 
of any 5 aa (once in roughly 3 million random aa)

“HAYDN” did not occur in the same data base, sequence bias
“LIVES” was not represented in the data set.

Application 1.1 ” Musical Sequences”
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“G2A” composition
3 different tripeptide sequences
How many different ways to arrange 2 particles in 3 boxes

GGA/GAG/AGG

g=3 & n=2

W =  Ⅱ[g!/n! (g-n)!] = 3!/2! 1! = 3
The general form for determining the # ways to arrange a set of particles into 
identical (degenerate) positions.

How many different sequences have identical 
composition of residues?
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• Sequence directs structure, 2 molecules with 
homologous sequence can be assumed to have similar 
structures.

• unique structure requires a unique sequence
• 25-30% homology

• Molecules with similar structure need not be homologous 
sequence

• Example: nucleoportein H5 and HNF-3/fork-head protein
• 9 identical aa of 72 aa
• 12.5 % only
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Application 1.2 ” Engineering A New fold” Protein G & Rop

Without altering more than 50% of the sequence, design a protein with a 
completely different fold
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1.5.3 Secondary Structure of Protein

The regular and repeating structure of a polypeptide is its secondary structure 
(2º). 

“Regular” defines these are symmetric structure.

310 helix,
10 atoms separating the amino hydrogen and carboxyl oxygen atoms that are 
hydrogen-bonded together to form three complete turns of the helix.

β-sheet
Hydrogen bonds are the significant interaction in secondary structure. hydrogen 
bond between residue i and i+4.
Hydrogen bonds between strands
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Helix: a structure in which residues rotate and rise in a repeating manner along 
an axis.

Generate by the rotation operate “ C “ and translation operate “ T ”

Screw symmetry / Helical symmetry
(x,y,z)i + T = (x,y,z)i+1

Helix axis 

1.5.4 Helical Symmetry
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Pitch (P): the translation along the helix axis in one complete turn of the helix.  
P= c h 

Helical rise (h): the steps rise by a specific vertical distance h and rotate by “θ”
repeat (c) : the # of steps repeat required to reach “P”
helical angle/helical twist (θ): θ = 2 π /c 
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Mathematically generate the 3-D coordinates of a helical structure
“NT ”: N represents the N-fold rotation operator and T the translation in 
fractions of a repeat for the symmetry operator

Handedness
Positively rotation of the helical angle θ > 0° right handed helix
Negative rotation of the helical angle θ < 0° left handed helix
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“310” : 3 residues per turn, 1/3 of this repeat h= (1/3)P along the axis, 
the helical symmetry is 31, three fold screw symmetry.

α-helix : c=3.6 per turn, 
360 °/3.6 = 100 °/residue,
h=0.15nm/ residue, 
P=3.6x1.5=0.54nm
helical symmetry “3.61”= “185”: 18 residues in 5 full turns of the helix.

β-sheet
Trans conformation: 
two-fold screw symmetry, 
a fully extend straight backbone
β-sheet: twist two-fold screw symmetry, like the folds of a curtain 
antiparallel & parallel

Helix
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c=3.6 per turn, 
360 °/3.6 = 100 °/residue,
h=0.15nm/ residue
P=3.6x1.5=0.54nm

α-helix

helical symmetry 
“3.61”= “185”: 18 
residues in 5 full turns 
of the helix
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Right-handed and left-handed helical symmetry
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Polypeptides: the N-C bond of the peptide linkage is a partial double bond and 
therefore is not freely rotating.

cis-configuration & trans-configuration

cis-configuration is energetically unfavorable, collisions between the SC of 
adjacent residues. 
Proline

trans-configuration is slightly favored (4:1) under biological conditions.

2 torsion angles for the backbone:
“φ“ angle at the amino nitrogen-Cα bond
“ψ ” angle at the Cα -carboxyl bond  

Ramachadran plot: the sterically allowed conformations of a polypeptide chain

1.5.5 Effect of the Peptide Bond on Protein Conformation
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Ramachandran Plot
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Protein can often be segregated into domains that have distinct structures and functions
supersecondary structures.

motifs formed by the association of 2 or more helices are categorized as supersecondary
structures because they are regularly occurring patterns of multiple helices.

β-turn
Type I β-turn
Type II β-turn

1.5.6 The structure of Globular Proteins
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1.5.6 The structure of Globular Proteins
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Domains: a number of distinct structural and functional regions larger than 
supersecondary structures.

Ex calmodulin:2 calcium binding domains

Tertiary Structure
The overall 3-D conformational of the polypeptide chain.
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Stick model

ribbon
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Contact plots provide some information on the 3D structure of a protein
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2 A-A’

1 A-A’
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1.6 The structure of Nucleic Acids
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1.6.1 Torsion Angles in the Polynucleotide Chain
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Sugar conformation of nucleic acids
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B-DNA
A-DNA
Z-DNA

H-DNA: triple-stranded

Cruciform DNA: inverted repeat sequences, with a dyad axis of 
symmetry between the 2 strands of the duplex.

G-quartet structure: 4 strands of polydeoxyganines, telomere end of 
chromsomal DNAs

1.6.2 The Helical Structures of Polynucleic Acids
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Base-pair and base-step parameters of nuclei acid 
double helices
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Structure of DNA
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Fiber diffraction of B-DNA
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1.6.3 Higher-Order Structures in Polynucleotides

The total # of stacked helices in each domain is remain relatively 
constant at 10-12 base pairs/ Acceptor stem↑, T stem ↓
The overall shape of tRNA 3° structure is largely conserved
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N = the length 147 base pairs    
<c> average repeat
twist  Tw = N / <c>
<c>~ 10.5 for B-DNA, Tw = 14

DNA topology

Supercoil/ writhe (Wr)
supercoil positive Wr>0, 
Supercoil negative Wr<0

Closed circular DNA(ccDNA): 
absorbed by a writhing or supercoiling
of the circle 

Linking number (Lk): the overall conformation or topology of the ccDNA
according to the degree to which torsional strain is partitioned between Tw and 
Wr Lk= Tw + Wr

Superhelical density (σ): 
the # supercoil for each turn of DNA,
σ~ -0.006

σ =Wr/Tw
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LK is fixed and can only be changed by breaking the bonds of the phosphodiester backbone 
of one or both strand of the duplex.

Ex: 1050 bp B-DNA ⇒ A-DNA
ΔTw = TA-DNA - Tw° = 1050/11 turns- 1050/10.5 turns = -4.5
ΔLK =Δ Tw + ΔW
For a topoisomer with  ΔLK = 0,  ΔWr = +4.5 turn,
Either   ΔTw = 0 turns ,  ΔWr = +4.5 supercoils
Or        ΔTw = -4.5 turns ,  ΔWr = 0 supercoils

Thermodynamic need higher energy
ΔTw = Tw - Tw° ,  ΔWr = Wr - Wr° ,  ΔLK =LK -LK° ,
ΔLK =Δ Tw + ΔW  
more compact supercoiled form of the plasmid migrate faster than the relaxed ccDNA.

Topoisomers
Lowest energy reference state is relaxed closed circular B-DNA
Tw° = N/ 10.5 turns, Wr° = 0 and LK°= Tw°

Lk= Tw + Wr
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