
DNA
Part I: Chemical Structure of DNA



The Watson-Crick double helix model was 
revolutionary, consisting of complementary
strands rather than identical strands. 



Strand complementarity provides 
an obvious mechanism for copying 
at the molecular level.



Major (blue) and Minor (green) Grooves of B-form DNA
       The major groove is wide and shallow; the minor groove is deep and narrow

A form            B form               Z form

•A and B-form
DNA are right-handed helices

•A form predominates under
dehydrating conditions

•The major groove of A-DNA is
deep and narrow, the minor groove
is wide and shallow.

•Z-form DNA is formed under high salt
Conditions or in alcohol

•The Z-form has a left-handed helical twist



The transcription factors Fos (sky blue at the back) and Jun (purple- blue in the front) recognize 
the sequence tGAGtCA by probing the major groove of DNA. (PDB 1Fos)



DNA and other components of human cells are spatially segregated by 
membranes. Bacteria and other prokaryotes lack these kinds of compartments. 



Nucleotides are phosphate monoesters of ribose, each with a 
unique heterocyclic base substituent.



• Carboxylic acids and phosphoric acids exist in deprotonated anionic form at physiological pH.



•By convention, oligonucleotides are read from the 5ʹ′ end to
the 3ʹ′ end, using the letter p to indicate a phosphate group.



The 2ʹ′-hydroxyl cannot stabilize the carbocation through resonance but 
still  exerts  a  slight  destabilizing inductive effect.  RNA-labile  to  basic 
hydrolysis; DNA labile to acidic hydrolysis



Alternative double-stranded oligonucleotides based on monosaccharides other than ribofuranose 
are more stable than 5’-3’ RNA!

Why are DNA and RNA made up of furanose sugars?



Pyranose helices have a 
Subtle twist and shallow grooves

D-ribofuranose DNA is comparatively labile, allowing it to unfold for replication or transcription
D-ribofuranose DNA has deep grooves which are binding sites for other molecules like transcription
factors



 (A) When linearly conjugated, a C=C double bond transmits resonance between the nonbonding lone pair
on the amino group (nN) and a carbonyl. When cross conjugated, the C=C double bond impedes resonance. 
 (B) Benzene is aromatic, whereas the cross-conjugated isomer, fulvene, is not aromatic.



In heterocycles related to 4-pyridone, the beneficial effects of resonance 
conjugation (aromaticity) are balanced against the destabilizing effects
of charge separation.

Resonance Energy of Benzene: 36 kcal/mol



thymine cytosine adenine

The position of the tautomeric equilibrium 
is important for base pairing!

guanine



The enolic form of bromouridine leads to more mismatches than the 
enolic form of thymidine. 5 bromouracil is highly mutagenic.



Iso-C can form a unique base pair with iso-G. Unfortunately, the enol tautomer of iso-G is
present in unacceptably high amounts. 



The nitrogen heterocycles are much less basic than traditional amine bases 
used  in  organic  chemistry.  Note  that  relatively  small  differences  in 
logarithmic pKa values translate into large differences in equilibrium.

pKb                                 3.2                   9.8                     13.5                       9.8                       10.7                                          

���
Are they really “bases”?



���
•Methyl groups are added to DNA bases after replication resulting 
in more than four types of heterocyclic bases.
•Methylation of DNA bases affects sequence recognition, both by 
endonucleases and by transcription factors. Thus the methylation 
state of DNA is just ad important as nucleotide sequence in 
determining gene expression

Methylation of DNA bases



Cytosine is susceptible to a two-step bisulfite-promoted hydrolysis. 
5-methylcytosine resists this hydrolytic transformation



The gray dot represents the helical axis. The ribosyl groups are not oriented 
symmetrically (180°) from the helical axis; that asymmetry leads to major
and minor grooves.



Each edge of a G•C base pair exhibits a unique pattern of hydrogen-bond donors (arrows 
pointing away from the bases) and acceptors (arrows pointing towards the bases) that is 
distinguishable from the edges of the other three possible base pairs, C•G, A•T, and T•A.
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Electrostatic potential map of GC and AT base pairs
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Hydrogen bonds are not absolutely essential for
           complementary base pairing

Nucleoside substituents without H-bonding groups can act as 
complementary bases  



Hoogsteen Base Pairing



Recognition of polypurine sequences in the major groove
(acidic conditions)

Watson-Crick

Hoogsteen

Hoogsteen

Watson-Crick



G-quadruplex
Secondary structure formed in nucleic acids by sequences 

rich in guanine; located near the ends of chromosomes (telomeres)
and in transcriptional regulatory regions of oncogenes

     Guanine tetrad:
Hoogsteen base pairing

M+=K+
PDB: 2HY9



The DNA double helix is 
stabilized by π stacking
between DNA base pairs



DNA bending by major or minor-groove binding proteins is common

Bending  by
Major groove

 binding protein

Bending  by
minor groove

 binding protein
DNA bending is often critical for the assembly

of a competent transcriptional complex



The π-stacking arrangement of pyrimidine bases makes them 
Susceptible to photochemical cross-linking

[2+2] cycloaddition

Sequential thymines in A-form DNA are well-aligned to form
an adduct



A thymine dimer formed between adjacent thymine bases in a 
DNA strand 



Biophysical techniques to measure duplex stability: TM

There is a significant difference in A260 values for folded (duplex)
and unfolded (single-strand) DNA

The inflection point of the melting curve gives the 
melting temperature, TM 



Duplex DNA with high GC contend tends to be more stable than
Duplex DNA with high AT content because GC base pairs have
More hydrogen bonds and enjoy more stable π-stacking.
The Wallace rule gives a simple estimation of TM based on the 
Number of AT and GC base pairs.



Each mismatched base decreases the stability of the duplex
Bulges are also destabilizing to the duples, reducing TM

“Bulge”



DNA self assembly: self-association of complementary “sticky ends”





loop stem

no base pairing
in loop

Complementary base-
pairing in stem

stem loop

Secondary Structure: intramolecular base pairing  
leads to DNA hairpins



Stringy objects with an
Intrinsic twist are highly
susceptible to supercoiling 



DNA supercoiling: torsional strain in the DNA helix induces
Supercoiling. Supercoiled DNA cannot be transcribed efficiently 
due to the fact that separation (unwinding) of individual strands by
transcription factors becomes difficult

Topoisomerases resolve DNA supercoiling by introducing temporary
breaks into the DNA (type I- single strand break; 
type II – double strand break).  When Topoisomerases are prevented 
from rejoining DNA strands, cell death results. 



Bacterial DNA gyrase, a type II
topoisomerase

Inhibitors of bacterial DNA
gyrase





Positively charged lysine and arginine side chains keep the negatively charged DNA
bundled around the histones; HATs acylate lysines and HDACs de-acylate lysines 

Regulating the structure of nucleosomes through histone modification provides a mechanism
For the cell to control transcription by making the DNA accessible to inaccessible to the
Transcriptional machinery.

nucleosome

histone

nucleosome

DNA

histone



Trapoxin is a potent inhibitor of HDAC-1



Part II: Chemical Synthesis of DNA



Caruthers: Phosphoramidite method protected building blocks

DMT=dimethoxy trityl:
Acid-labile protecting group

5’

3’



Coupling Cycle

Mild acid:
tetrazole

Mild acid,
TCA

Ac2O, Pyr
I2, H2O, Pyr

Deprotection:
15M NH4OH, heat





Step 1: De-tritylation by TCA



Step 2, coupling: tetrazole serves as a mild acid



Step 3: Capping unreacted alcohol intermediates

…improves separation and overall purity



Step 4: oxidation to form a stable phosphate group



Final deprotection under basic conditions:
Both cyanoethyl group and base protecting groups

are removed





The Biological Synthesis of DNA by Polymerase Enzymes

DNA polymerases lengthen existing strands but do not start new strands
Complementary nucleotides are incorporated with high fidelity based on
a template strand. Error rate: 1 in 100,000,000. DNA polymerases 
lengthen DNA as a rate of 1000 nucleotides per minute.



Mechanism of incorporation of dNTPs into the growing DNA chain:



DNA polymerase δ from yeast

DNAexonuclease
(to excise mismatched
dNTPs)



Part III: Interaction of DNA with
small molecules



Intercalation

•A slight untwisting of the helix allows flat aromatic molecules 
to insert between base-pairs through pi-stacking interactions

•Maximum of one intercalator for every two base-pairs

Ethidium bromide

N

H2N

NH2

Br



Small molecules that intercalate between DNA base pairs usually 
have flat polycyclic aromatic structures and cationic functional groups



X=H daunomycin
X=OH adriamycin



The Ditercalinium-DNA complex: bisintercalation from the 
major groove



Psoralens intercalate between base pairs and photocrosslink 
Thymines on opposing strands



Minor groove binding molecules are crescent shaped, 
fitting the curvature of the DNA



Small Molecule Binding the Minor Groove of DNA

Hoechst 33342





Dervan’s pyrrole-imidazole-hydroxypyrrole polyamides proved a 
means of recognizing the minor groove of DNA with small molecules



DNA is a nucleophile!

Major Groove

Minor Groove



Chemical methylation of DNA:
Methyl diazonium ion is formed from nitrosamines:

Bifunctional alkylating agents that crosslink DNA are highly toxic!

Methyl mesylate:



Note that unlike intrastrand crosslinking, interstrand 
crosslinking cannot be repaired by the cell’s excision repair machinery:



Chloroethyl nitrosoureas form interstrand crosslinks
between G and C bases



Strained rings bring highly
Reactive functional groups to
DNA:

In minor groove:
Guanine 2-NH2

Minor Groove

Major Groove



Aflatoxin epoxidation leads to a highly reactive epoxide:

(N7)

intercalation



Mustards and nitrogen mustards









Adenine N3

A Minor Groove Binder!



Free radicals and oxygen conspire to cleave DNA sugars

(Homolytic BDE)







Enediynes: The Bergman-Masamune rearrangement
Diradical cleaves BOTH strands of DNA

In the presence of reactive
C-H bonds, they readily abstract
hydrogen atoms





Electron-rich aromatic: intercalates DNA

Electron reduction of the quinone
to the dihydroquinone allows the two ends of the 
enediyne moiety to get closer for reaction

Mechanism of Dynemycin A Double Strand Breakage





Hydrogen atom transfer from thiols to the quinone moiety:
Bioreductive activation



Singlet vs. triplet spin states

Singlet state can spin-pair
to form a bond







Mechanism of strand cleavage following hydrogen atom abstraction
by chemotherapeutic agents



The calicheamicin oligosaccharide
is positioned in the minor groove,
positioning the enediyne moiety so
that the resulting diradical can abstract
hydrogen atoms from opposing strands 
of DNA 



Glutathione-mediated
cleavage of the trisulfide moiety:
bioreductive activation

glutathione



Myers rearrangement of enyne allenes





The “Trojan Horse”: the small molecule neocarzinostatin chromophore
is delivered by a protein to cells 



When bound to DNA, epoxide opening and thiolate addition lead to
a Myers rearrangement of the chromophore. The resulting diradical is 
poised to abstract hydrogen atoms from opposite strands of DNA



Bleomycin catalyzes the formation of reactive oxygen species: HO•

Minor groove binder

from reduction of oxygen




