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A chromosome is a microscopic, 
threadlike part of a cell that carries 
hereditary information in the form of 
genes.

Every species has a characteristic 
number of chromosomes; humans 
have 23 pairs (22 pairs are non-sex 
chromosomes and 1 pair is sex 
chromosome).

A gene is a unit of heredity that 
occupies a fixed position on a 
chromosome.

Diagram of a replicated and condensed metaphase 
eukaryotic chromosome.
(1) Chromatid – one of the two identical parts of the 

chromosome after S phase. 
(2) Centromere – the point where the two chromatids 

touch. 
(3) Short arm. 
(4) Long arm.

Human chromosomes
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Chromosomes are an efficient packing of DNA
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There are 23 chromosome pairs (46 chromosomes in all) in this karyogram of 
the human chromosomes

females: two X cromosomes
males: one X and one Y chromosome 
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doi: 10.2210/rcsb_pdb/mom_2000_7

DNA wrapped around 
a histone molecule

(Nucleosome)
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A strand of chromatin is shown, with the DNA (in yellow) 
wrapped around the histones (in green). 

Each little bundle of eight histones with two loops of DNA is 
termed a nucleosome.

At the top, the tails of the histones are acetylated at many 
sites (small green dots), leading to an open, accessible form of 
chromatin. 

At the center, histone deacetylase (in red) is removing the 
acetyl groups. 

At the bottom, the deacetylated histone tails associate with 
neighboring nucleosomes to form a compact, inaccessible 
form of chromatin.

(adapted from D. Goodsell: “The Molecular Perspective: 
Histone Deacetylase”, The Oncologist 8 (2003) 389)
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purine purinepyrimidine pyrimidine
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same width !!!

purine purinepyrimidine pyrimidine
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The sequence of base pairs in DNA encodes information that 
leads to protein synthesis 
(the central dogma of molecular biology – Crick, 1956) 
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The genome contains all the genetic 
information of the organism

Units of measurement:

bp base pair
Kb (103 bp) Kilobase
Mb (106 bp) Megabase



Edoardo Milotti - Radiobiology 21

The genetic code

• A series of codons in part of a messenger RNA 
(mRNA) molecule. 

• Each codon consists of three nucleotides, 
corresponding to a single amino acid. 

• The nucleotides are abbreviated with the letters A, 
U, G and C. 

• This is mRNA, which uses U (uracil). DNA uses T 
(thymine) instead. 

• This mRNA molecule will instruct a ribosome to 
synthesize a protein according to this code.

(figure and text from Wikipedia)
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Aminoacids

carboxyl 
group, proton 
donor (acid)

amino group, 
proton 
acceptor 
(base) 

residue
in chemistry, zwitterions
act at the same time as 
acid and bases (while 
amphoteric compounds act 
either as acids or bases)
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from D. Voet and J. G. Voet, “Biochemistry, 4th ed.”, Wiley 2011

Proteins as polypeptide chains

Note that DNA codes for the linear chain, but post-transcriptional 
modifications produce the final chemical configuration of the 
protein.
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Proteins are encoded in DNA, but the message 
must first be transferred to messenger RNA 
(mRNA).

mRNA then brings this message to the ribosomes 
that act as true protein factories.
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Transfer RNA (tRNA) selects the aminoacid that corresponds 
to a given codon and transports it to the ribosome. In this way 
the code transported by mRNA is sequentially translated into 
an aminoacid sequence and hence into a protein.
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A few numbers on ribosomes: 

• there are approximately 106 ribosomes/cell (2.5 106 in liver 
cells)

• error rate about 10-5–10-6

• processing rate about 5–40 peptide bonds/s
• two units

• small: molecular weight about 0.85 Mdalton, RNA about 
1600 nucleotides, 21 proteins

• large: molecular weight about 1.5 Mdalton, RNA about 
3000 nucleotides, 34 proteins

• antibiotics often act against bacterial ribosomes (about 40% of 
all known antibiotics; molecular weight of antibiotics about 
600–900 dalton; many work by steric hindrance)
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Radiation damage to cellular structures
Radiation damages primarily DNA, the carrier of genetic information, and we 
focus here primarily on the structure of DNA. 

However other structures are also damaged by radiation and in particular

• membranes
• mitochondrial DNA
• proteins
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DNA damage

DNA can be damaged by 

• Genotoxic chemicals (exogenous damage)
• Radiation (exogenous damage)
• Reactive species from cell metabolism (endogenous damage)
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The duration of these cell cycle phases varies 
considerably in different kinds of cells.

For a typical rapidly proliferating human cell with a 
total cycle time of 24 hours, the G1 phase might last 
about 11 hours, S phase about 8 hours, G2 about 4 
hours, and M about 1 hour. 

(source: Geoffrey M. Cooper e Robert E. Hausman: “The Cell: A Molecular 
Approach. 5th ed.”, Sinauer Associates 2009.)
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Cell cycle checkpoints.

(source: Geoffrey M. Cooper e Robert E. Hausman: 
“The Cell: A Molecular Approach. 5th ed.”, Sinauer
Associates 2009.)
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DNA damage, such as that resulting from 
irradiation, leads to rapid increases in p53 
levels. The protein p53 then signals cell 
cycle arrest at the G1 checkpoint.

(source: Geoffrey M. Cooper e Robert E. Hausman: 
“The Cell: A Molecular Approach. 5th ed.”, Sinauer 
Associates 2009.)
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Double strand breaks can be repaired in two main ways

The final repair can be 
defective, due to loss 
of information

In different conditions, the repair process can 
follow two main paths: nonhomologous end 
joining or homologous recombination
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Mutations

Sometimes errors in DNA duplication or repair occur, giving rise to 
new nucleotide sequences: these errors are called mutations. 

Mutations can occur both in somatic or germ cells, however 
mutations in somatic cells are not inherited and they can be 
neglected from an evolutionary point of view. 

However, mutations in somatic cells are also important because 
they can lead to disease and death. 
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Estimates of mutation rates
(very difficult, only few estimates exist... this one is from Drake et al., “Rates of 
Spontaneous Mutation”, Genetics 148 (1998) 1667)

genome 
size

effective 
genome size

mutation rate per 
base pair per 
replication mutation rate 

per genome 
per replication

mutation rate per 
effective genome per 
replication

mutation rate per 
effective genome 
per sexual 
generation
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Radiation damage to cellular structures

In general, to destroy cell function in non-proliferating cells a typical dose of 
100 Gy is required, while to destroy proliferative cell capacity requires 
typically only few Gy’s.

When directly ionizing radiation is absorbed in biological material, the 
damage to the cell may occur in one of two mechanisms:

• Direct
• Indirect

Here we focus mainly on the damage to DNA, however the damage to 
proteins and membranes is also important. 
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In direct action, the radiation interacts directly with a critical target in the 
cell, by breaking chemical bonds.

Charged particles can do this without intermediate steps. 

Neutral particles (e.g., photons) must first be absorbed, and the damage is 
caused by the charged particles that are emitted after the primary interaction 
(e.g., the electrons and positrons in the electromagnetic cascade produced by 
a high-energy photon)

In indirect action, the ROS produced by the incoming radiation break the 
chemical bonds in the affected targets

Indirect damage accounts for as much as 2/3 of the total radiation damage. 

Direct and indirect action
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We have already met several examples of ROS such as the hydroxyl radical (·OH), 
hydrogen peroxide (H2O2), superoxide anion (O2-), hydroperoxyl radical (HO2

·) and 
singlet oxygen (1O2). 

In cells, normal biochemical and physiological processes such as the β-oxidation of 
fatty acids in the peroxisomes, the electron transport chain in the mitochondria 
and ATP production by cells are endogenous source of ROS.

Being able to produce ROS, ionizing radiation is an exogenous source of ROS.

Very reactive species such as the ·OH radicals react in a restricted radius from their 
site of creation with neighboring molecules such as proteins, lipids and nucleic acid 
by chemical modification. 

ROS action
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Other radiolytic species like H2O2 are much less reactive. 

However, in the presence of transition metals such as iron or copper, H2O2 can 
generate an ·OH radical by the Fenton reaction:

ROS action /ctd.mitochondria and ATP production by cells are endogenous source of ROS22. Being able to produce ROS, 
ionizing radiation is an exogenous source of ROS.  

ROS are  involved  in the oxidative stress of cells. Very reactive species such as the  .OH radicals 
react in a restricted radius from their site of creation with neighboring molecules such as proteins, lipids 
and  nucleic  acid  by  chemical modification. Other  radiolytic  species  like H2O2  are much  less  reactive. 
However, in the presence of transition metals such as iron or copper, H2O2 can generate an 

.OH radical 
by the Fenton reaction: 
 

 
+−•+ ++→+ 32

22 FeOHOHFeOH   (12a) 

 
+−•+ ++→+ 2

22 CuOHOHCuOH   (12b) 
 

Cells  are  continuously  exposed  to  ROS  from  endogenous  and  exogenous  sources.  Several 
systems exists  to protect  the  cell  from unwanted ROS: enzymatic  system  (ex.:  Superoxide Dismutase 
(SOD)),  antioxidant molecules  (ex.:  vitamin  C,  glutathione)  and metal  sequestration  (ex.:  ferritin)  to 
prevent  Fenton  reactions.  ROS  are  known  to  play  an  important  role  in  several  diseases,  since 
disequilibrium  between  ROS  production  and  ROS  destruction  may  lead  to  carcinogenesis,  cell 
senescence, cell death or apoptosis23.  
 
  Selective  irradiation of cell organelles by  focused micro beams of α‐particles have shown  that 
the nucleus is the most sensitive part of cells to irradiation24. These studies suggest that DNA is the most 
sensitive  target of  ionizing  radiation.  For  this  reason, a great number of  studies  in  radiobiology have 
focused  on  DNA.  However,  several  experiments  have  shown  that  cells  do  not  need  to  be  exposed 
directly  to  ionizing  radiation  to  be  affected.  This  is  called  the  bystander  effect25,  which  has  been 
observed  in  many  cells  types  for  different  endpoints  such  as  increase  in  mutation  frequency  and 
apoptosis  in non‐irradiated cells. Similarly, a group of cells and their environment have been shown to 
react  collectively  rather  than  individually  when  they  are  irradiated26.  These  data  suggest  that  cell 
response is also a very important factor in the irradiated tissues and that several molecular mechanisms 
implicating  ROS  are  involved.  The  mechanisms  and  consequences  of  the  bystander  effect  on  the 
radiation risk are poorly understood.  
 
 
5. Direct and indirect effects of radiation 
 

Several biological effects of radiation results from DNA damage; DNA is still considered the most 
critical  target molecule within a cell. The direct effect  is  the  interaction of  radiation with DNA, which 
ionizes DNA,  leaving a DNA radical cation (DNA+.) and an electron. Excited DNA (noted DNA*) may also 
be formed, indirectly or by recombination of the electron with its parent cation. The indirect effect is the 
interaction  between  the  DNA  and  chemical  species  generated  during  water  radiolysis,  the  most 
important being  the  .OH  radical. The proportion of DNA damage  resulting  from  the  indirect effect of 
radiation  is  estimated  to  be  ∼2/3  of  the  total  radiation  damage,  but  this  proportion  depends  on 
radiation type and energy.  
 

The most  frequent  types of  radiation‐induced DNA damage  are base  and  sugar modification, 
single strand breaks (SSB), double strand breaks (DBS), DNA‐DNA and DNA‐proteins crosslinks, base loss 
and  tandem  lesions27. DSB  are  likely  caused by multiple DNA  lesions  in  close proximity  (∼10‐20 base 
pairs); they are considered the most important for the acute and long‐term effects of radiation28. These 
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In indirect action the radiation interacts with other molecules and atoms (mainly 
water, since about 80% of a cell is composed of water) within the cell to produce free 
radicals, which can, through diffusion in the cell, damage the critical target within the 
cell.

This kind of damage is activated by metabolites that occur naturally inside cells, or by 
ROS.

Globally this is called oxidative stress, it exists even in absence of radiation or 
externally introduces oxidizing chemicals, and the damage associated to self-produced 
chemicals is called endogenous damage.

Indirect action can be modified by chemical sensitizers or radiation protectors.

Oxidative stress
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There are several important defense mechanisms against oxidative stress. 

One of them involves superoxide dismutase (SOD) which converts the 
superoxide anion O2

- into oxygen (O2) or hydrogen peroxide (H2O2) 

Another one is catalase, which converts the still dangerous hydrogen 
peroxide into water and oxygen (O2). 

Still another class of enzymes are the peroxiredoxins, which also convert 
hydrogen peroxide into water and oxygen (O2). 

Oxidative stress /ctd.
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Diagram of reactive oxygen (ROS) formation and elimination. Oxygen (O2) plays a major role in the 
formation of ROS because O2 has unpaired electrons (represented by single dots). When O2 picks up 
an electron, it becomes superoxide, an extremely reactive anion. Superoxide dismutase catalyzes the 
dismutation reaction of superoxide to hydrogen peroxide, which is further catalyzed to the highly 
reactive hydroxyl radical and ultimately to water by glutathione peroxidase and catalase enzymes. 
Superoxide, hydrogen peroxide, and hydroxyl radicals are considered to be ROS.
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There are several kinds of catalase, and they are very efficient: one molecule of 
catalase can convert hydrogen peroxide into water at the rate of ~106 molecules/s.

Human red blood 
cells catalase (iron-
based)

Bacterial iron-
based catalase

Bacterial 
manganese-based 
catalase



Edoardo Milotti - Radiobiology 58

Mutations or absence of these proteins lead to several important 
pathologies, for example: 

SOD: 
• a mutation of SOD has a role in familial amyotrophic lateral sclerosis (ASL)
• in mice, inactivation of SOD2 causes perinatal lethality and inactivation of 

SOD1 causes hepatocellular carcinoma
• diminished activity is linked to hypertension and to pulmonary diseases
• SOD has powerful pharmacological properties, among them it is an 

antiinflammatory

Catalase: 
• catalase deficiency may increase the likelihood of developing type 2 

diabetes
• catalase deficiency in hair follicles may play a role in hair graying 
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RADIATION

DIRECT IONIZATION
OF BIOMOLECULES

AND ESPECIALLY OF DNA,
DIRECT DISRUPTION OF 

CRITICAL CHEMICAL BONDS

RADIOLYSIS OF WATER 

H2O ® H2O+ + e-

H2O+ ® H+ + OH0

e- + H2O ® H0 + OH-
etc.

OXIDATION OF BIOMOLECULES
BY OH RADICALS, DISRUPTION

OF CHEMICAL BONDS

NO EFFECTDNA REPAIR PROCESSES

CHEMICAL
RESTORATION

DNA
RESTORED

PERMANENT DAMAGE TO DNA

1. GENETIC EFFECTS 
(MUTATIONS IN GERM CELLS)

2. SOMATIC EFFECTS 
(MUTATIONS IN SOMATIC CELLS)

CANCER
SENESCENCE

CATALASE, SOD, etc. 
CLEAN UP ROS


