
Welcome to CHEM 153B: DNA, 
RNA, and Protein Synthesis

• This quarter we are going to cover:
– Nucleic acid structure
– DNA & RNA polymerases
– DNA replication
– DNA repair
– Transcription
– RNA processing
– Translation



My background: modeling the structures and energetics of 
RNAs and RNA-protein complexes 

J. Parks*, K. Kappel*, et al. RNA, 2017.K. Kappel, R. Das. Structure, 2019.

RNP-denovo smFRET-Rosetta 

K. Kappel, et al. PNAS, 
2019.

RNP-ddG

auto-DRRAFTERDRRAFTER

K. Kappel, et al. Nature Methods, 2018. K. Kappel*, K. Zhang*, Z. Su*, et al. Nature Methods, 2020.



Using cryo-EM and computational modeling to resolve 
several structures of RNAs and RNA-protein complexes

M N

Z. Su*, K. Zhang*, K. Kappel* et al. Nature, 2021. S. Li, et al. PNAS, 2022.

K.P. Larsen, Y. Mathiharan, K. Kappel, et al. Nature, 2018.K. Zhang*, S. Li*, K. Kappel*, et al. Nat. Commun. 2018.



How is the inside of a cell organized?

A human cell contains 5-10 billion protein molecules

https://en.wikipedia.org/wiki/Organelle

K. Kappel, et al. Nature Methods, 2025.



The Kappel Lab @ UCLA: 
Combining high-throughput experiments and computation to 

decipher sequence-organization-function relationships of proteins, 
RNA, and their interactions



Chem 153B Syllabus

• The full syllabus is posted on BruinLearn

Thursday tutorials are optional, except for the days when we have exams.
We will use the tutorials to review course material and go over old exam questions.





Please sign up for iClicker!
iClicker participation points will be given for completion regardless of whether or not 
your answers are correct.













Discussion information week 1
• Please attend your assigned discussion 

section
• Download PyMol before your discussion 

section this week
• Bring your laptop to your discussion 

section this week
• Homework: if you are assigned group “1A” 

– please submit solutions for all of 
question 1





What is your major?



Unit 1: Nucleic Acid Structure

1-Nucleosides and Nucleotides

2- A, B and Z conformations of 
nucleic acids double helices 

• Not treated:
-DNA topology
-DNA Sequencing

3- Principles of DNA recognition by 
sequence-specific DNA binding proteins
nucleic acids/protein interactions 

4- Principles of nucleic acids 
Denaturation

5- DNA tertiary structures
G-quadruplex

6- RNA secondary and 
tertiary structures



Learning outcomes:
What you need to know/understand after this unit

Memorize structures of nucleosides and understand their chemical 
specificities

Be able to recognize A/B/Z and quadruplex conformations of 
DNA/RNA and understand the main structural features in 
these conformations; recognize variations and differences 

Understand how proteins interact with DNA in a sequence-specific 
or non-sequence specific manner; recognize sequence-specific vs. 
non-sequence specific interactions

Understand and recognize chemical groups in proteins that interact
with distinct components of nucleic acids

Recognize basic elements of secondary and tertiary structure in RNA

Understand the main parameters that stabilize each 
conformation, as well as the transition from double-stranded to 
single stranded



Nucleotide = Pentose + base + phosphate
Nucleoside = Pentose + base

Chemical definitions/nomenclature: 

Prime (´) notation 
distinguishes atoms 
in the sugar from 
atoms in the bases

A, C, G, T, U

Nucleic acids are polymers
This is the monomer



1´

2´3´

4´

5´
Sugar Numbering of carbons: C1´, 

C2´…
(´ used to prevent confusion 
with the numbering of atoms in 
bases). Ribose:

(RNA)

or 

Deoxyribose:
(DNA)

1´

3´

4´

5´

H     
2´

The presence of the 2´OH confers 
special chemical reactivity and  
structural properties to 
RNA compared to DNA

Numbering is the same in DNA and RNA PyMol: G_C3’endo.pse

5’ end

3’ end

The base is connected at 
the 1’ position.

The sugar is not actually flat!



Sugar puckering: C2´ endo or C3´ endo

Deoxyriboses in DNA are in the C2´ or C3´ endo conformation (C2’ preferred)

Differences in Sugar Pucker impact distances between consecutive 
phosphate groups! à important to remember for polymer sizes (spacing 
between 5’ and 3’

Ribose in polymers are constrained in the C3´ endo conformation for steric 
reasons (in 2’ endo, the 2’ OH would clash with the phosphate) --> 
RNA is nearly always found as C3´ endo 

Planar Conformations of ribose/deoxyriboses are not stable à Puckering

C2’-endo C3’-endo

https://www.ibiology.org/biochemistry/rna-structure/

2 Major 
Conformations: 

‘ ‘

Why might this be 
energetically 
favorable?



P OH

O

HO 

OH

P O

O

HO
OH

P OH

O

OH

Phosphoric Acid Pyrophosphate

Phosphates

P R 

O

OOH

OH

pKas = 1, 6

Phosphomonoester

P R1 

O

OOH

OpKa = 1 R2 

Phosphodiester

pKa important to 
remember for ionization
of polymers at 
physiological pH 

An atom is protonated at 
pH < pKa
An atom is unprotonated 
at pH > pKa



Which amino acids in proteins would typically
interact with phosphate groups in nucleic 
acids?

A: Hydrophobic amino acids
(e.g. Leucine)

C: Positively charged amino acids (e.g. Lysine)

D: you cannot say in general - it depends whether 
it´s RNA or DNA 

B: Amino acids with Aromatic side chains
(eg Tryptophan) 

P R1 

O

O-O

O

(pKa = 1)

R2 



Bases

Bases have hydrophobic aromatic rings which promotes aromatic 
stacking (p stacking), an important factor in stabilizing nucleic acids in 
helical structures

Aromaticity of bases 
and consequences:

Bases are planar
(no puckering)

Bases are planar
PyMol: G_C3’endo.pse



Nucleoside
(X=pentose)  

Guanosine
G/dG/rG

Guanosine
G/dG/rG

Nucleotide
(X=pentose 
phosphate)  

Adenosine 
monophosphate

(AMP)

Guanosine
monophosphate

GMP

Base 
(X=H)  

X X

Adenosine
A/dA/rA

6 6

2

Purine Bases
and Nucleosides
(abbreviated as R)

Structures 
need to be 
memorized



Nucleoside
(X=pentose)  

Cytidine
C/dC/rC

Uridine
U/rU

Thymidine
T/dT

Nucleotide
(X=pentose phosphate)  

Cytidine 
monophospate

CMP

Uridine 
monophospate

UMP

Thymidine 
monophospate

TMP (dTMP)

Base
(X=H)  

X

X

X

2

2

2

54

4

4

Pyrimidine Bases and Nucleosides
(abbreviated as Y)

Structures 
need to be 
memorized



Molecular groups in bases can serve as Hydrogen bond donors 
or acceptors:

These groups provide the chemical 
basis for interaction between 
two nucleic acid strands • Also provide some key 

elements of interactions
between protein and nucleic acids



Which chemical group in 
pyrimidine bases cannot 
be used as H-bond donor
or acceptor?

A: carbonyl at position 2

C: methyl at position 5 of T

D: none – they can all be used

B: amine at position 4 of C

X

X

X

2

2

2

54

4

4



RNA (and to some extent DNA) can contain chemically
modified bases which can impact the ability to form H-bonds

Modifications generated
by modifying enzymes on
the polymers

= structures 
need to be known



Common Bases and 
Nucleosides/ Nucleotides
Nomenclature and 
abbreviations

abg



Polymeric Structure
of Nucleic Acids

Links 3´ C of 
preceding
nucleoside to 5´
C of next one

Indicates 5´-3´polarity
Polarity as in “direction” of
the polymer 
(not in the chemical sense)

• 1 negatively charged 
Oxygen per residue



The discovery of the DNA double helix
Setting the stage:
• DNA was first isolated and characterized in 1869 (Miescher)
• 1940s: first compelling evidence that DNA is the genetic material (Avery, 

MacLeod, McCarty)
• After that, lots of interest in solving its structure
• X-ray crystallography and biochemistry not yet advanced enough to solve 

the structure



Watson and Crick (1953)
• Theorists at Cambridge in 

the protein structure group
• Their model may have 

required Franklin’s data…

Watson and Crick (1953): “It has not escaped our notice that 
the specific pairing we have postulated immediately
suggests a possible copying mechanism for the genetic 
material”. 

Rosalind Franklin (1950-1953)
• Physical chemist @ King’s 

College London
• Used fiber diffraction to study 

DNA structure
• Died at age 37



The discovery of the DNA double helix

Wilkins, Stokes
& WilsonWatson & Crick Franklin (died in 

1958) & Gosling

3 Side-by-Side papers in Nature in 1953.... 
the authors of only two got the Nobel Prize in 1962



The (almost original) model of 
DNA structure by Watson & Crick
(Science Museum London)



2) bases are in the keto conformation1) R. Franklin DNA fibers 
X-ray diffraction data helped to define
shape and dimensions 

•Spacing 
between

consecutive
nucleotide
phosphate

groups 
= 3.4A

•Helical Pitch 
= 34A

Maltese cross 
shape

indicates
Helical pattern

3) Chargaff´s rules:
(G+C)/(A+T) can vary but (G+A)/(C+T) = G/C = A/T =1

4) Density measurements:
~2 polymers/helix

5) C2´ endo sugar pucker
conformation

Information that Watson and Crick used to propose the double helix model: 

keto enol

Bragg’s Law
used to interpret X-ray diffraction pictures

Chargaff. 1950: “It is, however, noteworthy-whether this is more than accidental, cannot yet 
be said-that in all deoxypentose nucleic acids examined thus far the molar ratios of total 
purines to total pyrimidines, and also of adenine to thymine and of guanine to cytosine, 
were not far from 1”. 



Rise/
residue
= 3.4 A

Helical
Pitch
= 34 A

(10 residues/turn)

Essential features of the 
model that
proved correct:

1) Antiparallel
right-handed 
double helix

2) Strands are linked by 
complementary sets of
hydrogen bond donors 
and acceptor groups
on bases 

The original model for DNA structure
Watson and Crick (1953)

Nature 171, 964-967

• See posted PDF of original paper



Why is it important to know the exact keto/enol
conformation of bases ?

A: The keto/enol conformations
influence electrons in the p
orbital system and therefore 
base stacking geometry  

C: Because bases in RNA and DNA have different keto/enol
conformations

D: The keto/enol conformations affect the ability of specific bases 
substituents to donate/accept H-bonds and therefore base pairing partners

B: The keto/enol conformation indirectly impact sugar puckering 
because of potential steric hindrances with C2´
endo sugar pucker 

keto enol



complementary sets of donors and 
acceptor groups on bases 



Watson-Crick 
Model

The Dickerson
Dodecamer

X-ray structure
(CGCGAATTCGCG)

A comparison of
the Watson-Crick

model (1953)
and of the first

B-DNA
structure solved (1980)

PDB ID:
1BNA 

PyMol: DickersonDodecamer.pse



Differences between the WC model and the 
actual DNA structure solved ?

A: the two bases forming each base 
pair are not aligned in a 
plane in the actual structure

C: No major difference

D: Base pairs are not
perpendicular to the helical 
axis in the actual structure, as opposed to the WC model

B: Base pairs cross the helical
axis in the structure while they´re
shifted away from the axis in the 
WC model
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Isostericity of Watson-Crick Base Pairs 
(and non isostericity of non WC base 
pairs)

Example of a G-T non WC base pair



Bases of one strand are 
stacked onto each other:

Bases (p)
Stacking

Bases (p)
Stacking

DNA double helix structure is 
primarily stabilized by 
stacking, not hydrogen 
bonding



Right-handed double helix
Watson-Crick 

model
Dickerson 
dodecamer

Right-
handed

Left-
handed



DNA Double Helix
Definitions

Propeller twist: base pairs are 
not planar. The angle between the 
two planes of the bases defines
the propeller twist angle

PyMol: DickersonDodecamer.pse
PyMol: GCbasepair.pse

(Distance to 
complete a turn)



Base pair tilt: An average mean plane of the base pair can be defined 
(ignoring the propeller twist) – see gray area above.  The rotation of this 
plane about the pseudo-dyad axis defines base pair tilt.

Base pair roll: the degree of departure of the mean plane of the base pairs 
from the perpendicular helix axis on the short axis of the base pairs. 

Helical twist. Defines the degree of rotation when moving vertically 
from one base pair to the next.

short
axis

Tilt Roll

Twist Propeller Twist

Different 
axes of 
rotation:

Helical Axis

Pseudodyad Axis



Tilt Roll

Twist Propeller Twist

https://en.wikipedia.org/wiki/Nucleic_acid_double_helix



Pseudo 
Dyad Axis

Base pairs seen
from above the helix
(helical projection)

N3

N1

N

O
dR

H
H

N3

N1

N7

N9

dR

O

H

N H
H

Major Groove Side
a >180°

Minor Groove
a´ <180°

Helical 
Axis

a

a´
Tip to visualize Major and Minor
Groove sides in structures:

•N7 of Purines always on major
groove side

• N3 of Purines always on minor
groove side

Major Groove and Minor Groove
in B-form double helices: 

PyMol: DickersonDodecamer.pse



C: 1-Major 2-Minor

B: 1-Minor 2-Minor

A:  1-Major 2-Major

Which grooves are we looking at?

D: 1-Minor 2-Major

1

2



A

B

A B
H20

PDB ID = 115D

PDB ID:
1BNA 

A-dsRNA = 2KYD 

PyMol: DickersonDodecamer.pse
PyMol: A-form_dsRNA.pse



What differences can you see between 
A and B forms?

A: A is more compact than B (shorter 
helical pitch)

C: Sugar pucker
is C3´endo in A,
C2´endo in B

D: Major groove 
is deeper
in B than A 

B: Base pairs are 
more tilted in 
A vs. B.

A B



Major differences : 
- A DNA is shorter than B DNA:
1 helix turn is 28.6 A vs 34 A 
for B DNA. This is due to the 

3´ endo sugar pucker in A

- Bases of A-DNA are shifted away 
from the helical axis. This results in 
a deep major groove and in a shallow

minor groove. There is a 6 A hole
in helical projection. 

 B-DNA A-DNA 
Sugar pucker C2'-endo C3'-endo 
Rise/residue 3.4 Å 2.6 Å 
Residues/turn 10.5 11 
Helical twist 34˚ 33˚ 
Diameter 20 Å 26 Å 
Tilt 6˚ 20˚ 
Propellor twist 12˚ 15˚ 

 
 

Exact values need not to
be remembered…

A-DNA B-DNA



Impact of Sugar puckering (C2´or C3´ endo) on
double helix geometry

B-Form
(DNA)

A-Form
(DNA
or dsRNA)



A-DNA/dsRNA B-DNA

Base tilting: A vs. B DNA

Consider 
Angles between
the base pairs
and helical axis
(vertical dashed
lines): 90° = no tilt

> or < 90° = tilt

PyMol: A-form_dsRNA.pse



A water spine (green dots)
has been  proposed to exist 

in the minor groove of B-DNA
that would stabilize the B-form

Water is essential
in the transition 

A <--> B DNA

A B
H20

This concept is controversial
and will not be detailed further



Glycosidic bond Anti /Syn conformations
Anti and Syn conformations are defined based on the torsion angle 
of the glycosidic bond

1'

94

The sequence of atoms chosen to define the torsion angle to define anti/syn
conformation is: O4'-C1'-N9-C4 for purines - O4'-C1'-N1-C2 for pyrimidines.

1'

9 4

1'

1 2

Anti A/G:  
C1´-O and N9-C4
are pointing away
from each other

Anti C/T:
C1´-O and N1-C2 are 
pointing away from 

each other

Syn A/G: 
C1´-O and N9-C4 are 

pointing in same direction 



How to recognize Anti /Syn Glycosidic bonds

Anti A/G:  
N3 of base is away from
the cyclic O of ribose

Syn A/G: 
N3 of base is close/ 

on top of cyclic O of ribose



Z-DNA
• Left handed Helix

• jagged backbone
• Occurs in DNA
sequences with 
stretches of 
consecutive
G-C base pairs

• Requires high salt
concentrations for
forming stable 
structures in vitro

• G nucleotides switch 
their glycosidic bond
conformations:
anti     ->   Syn

• C nucleotides:
No change

www.mun.ca/biology/scarr/A_B_Z_DNA.html

PDB ID:
1DCGPyMol: ZDNA.pse



Consecutive Nucleotides flipping in Z-DNA

G = syn

G = syn

C = anti

C = anti

Focus on two consecutive base pairs

G = syn

Focus on 
one strand

G =syn

C = anti/

C =anti



Can you 
recognize 
Glycosidic
Bonds 
Conformations?

A:  Anti, Syn, Anti, Syn

C: Syn, Anti, Syn, Anti 

D:  Anti, Anti, Syn, Syn

B: Syn, Syn, Anti, Anti  

(Top to bottom) 



Z-DNAB-DNA

Major

Minor

Major

Minor

The major groove is very shallow in Z-DNA:

N7

N3

N7

N3

PyMol: ZDNA.pse



A

B Z

www.mun.ca/biology/scarr/A_B_Z_DNA.html

Summary of ABZ  structures/ conformations
!! There are Helical Conformations other than A/B/Z 
e.g.: conformations intermediate between A and B 



A B Z
B Z

Summary of
ABZ 

structures/
conformations

Backbone
Profiles

Helical
Projections



What natural
nucleic acid 
form does
this cartoon
represent?

A: A-form

C: Z-form

D: None of the above

B: B-form

California Science Center, Expo Park



Double-stranded helices can be distorted and form
bent/kinked structures:

This can be due to:

• Intrinsic DNA sequences/
features  that increase the 
roll parameter, resulting in 
bend or kinks

• Binding of a protein that
forces/favors a bent/kinked
conformationHarteis & Schneider 

Int. J. Mol. Sci. 2014

Kink
= sharp 
change in
helical
axis

Bend
(= smooth
curve)



Why study nucleic acid structure?
• Structure and Sequence-specific Recognition by DNA binding  
proteins // see next

• Some non B-DNA structures 
are biologically relevant:

- dehydrated living forms
- dsRNA is A form 
(see PDB: 2KYD)
- DNA/RNA duplex 

(replication, transcription) 
is A form

• Z-DNA might be associated 
with sequences that regulate
DNA transcription

• Z-DNA is found in bacterial
biofilms 
(Buzzo et al. Cell 2021)



Can you read ?
(the sequence of this DNA)



Can you read
the sequence
of this DNA
Strand?

A:  5´TGA3´

C: 5´CGA3´

D:  5´CAG3´

B: 3´CGA5´

Top to bottom: 



Sequence-Specific Recognition of DNA by proteins:
What do proteins “see” ? 

N7

N3

N7

N3

Major Groove

Major Groove

Minor Groove

Minor Groove

Minor G
roove

Majo
r G

roove
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Minor
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A A

H A
D

A

A A

HA
D

A

AT

TA Minor
groove

Major
groove

Conclusion: Sequence-Specific DNA binding proteins can differentiate
A-T base pairs from T-A base pairs if they bind from the major 

groove side, but not from the minor groove side

Distribution of H-bonds
Donors (D) Acceptors (A)
and Hydrophobic groups (H)
available for recognition

Recognition of Specific sequences
by DNA-binding proteins

Concept is important to remember to understand transcription regulation
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Conclusion: Sequence-Specific DNA binding proteins can differentiate
G-C base pairs from C-G base pairs if they bind

from the major groove side, but not from the minor groove side

Minor
groove

Major
groove

Minor
groove

Major
groove

Patterns of H-bonds
Donors (D), Acceptors (A),
and Hydrophobic groups (H)
available for recognition

Recognition of Specific sequences
by DNA-binding proteins



What is the H-bond donor (D)/Acceptor (A)
pattern in the MAJOR GROOVE for this base 
pair?

A:  A D A D C:    D   A  A

D:   D  A  A  D
B:  A   A   D  



• These will contribute
to sequence recognition
and generally be found
in proteins that bind 
DNA in a sequence
specific
manner

Examples of interactions of amino acids with the
major groove side of bases or base pairs

• There is more than one way to
“skin the cat”: for instance, Arg
can recognize a G from the major
groove side using a variety of 
geometries
(see top interactions)



Examples of interactions of amino acids with the
minor groove side of bases or base pairs

• In general, these interactions do NOT contribute
to sequence recognition

• However these interactions can be made by both 
sequence-specific and non-sequence specific DNA binding 
proteins -- any sequence-specific DNA binding proteins also 
has some level of non sequence-specific binding sites that 
contribute to general DNA binding). These interactions will 
just not contribute to sequence specificity

PyMol: sequence_specific_recognition.pse



Amino acids side groups and atoms color coded by chemical make up:
Hydrogen bond donors or acceptors

• Will establish hydrogen bonds with  bases donors or acceptors

• depending on the side of the base (major or minor groove), these
will contribute to sequence specific recognition… or not.

Also: Arg, Lys, Asp, Glu – see 2 slides from now

Also: peptide bond
atoms!

Asn Gln Cys His Ser Thr Trp Tyr



A:  a-helices

C: In unstructured linkers that connect
a-helices and/or b-sheets or in loops

D: All the above

B: b-sheets

For DNA binding proteins:

In what domains of proteins are the 
main chain (or peptide bond) N-H and C=O groups 
more likely to be involved in hydrogen bonding 
with the bound DNA?

DNA

DNA



Amino acids side groups and atoms color coded by chemical make up:
positively and negatively charged side chains 

Positively Charged:
Will interact electrostatically
with negatively charged 
phosphate oxygens

Negatively Charged:
May interact indirectly with
the backbone through binding 
of positively charged ions
(K+, Mg++)

Note that these side chains can also 
serve as H-bonds donors/acceptors!



Amino acids side groups and atoms color coded 
by chemical make up: Hydrophobic side chains 

These will make aromatic p stacking
interactions with bases
in general, these interactions will not 
contribute to sequence-specific recognition 

Trp Tyr



Physical forces governing nucleic acid structure



DS DNA (Helix) What influences the equilibrium ?
(important because DNA is “opened”
during replication and transcription) 

2 SS DNAs (“random coils”)

In favor of double-stranded DNA

- Base stacking interactions (major)
Pi stacking / dipole-dipole coupling
Release of otherwise ordered 
water molecules

- Hydrogen bonds between strands (minor)

In favor of single-stranded DNA

- Electrostatic repulsion between strands

- Entropic considerations:
Increased entropy for ssDNA vs dsDNA

(increased conformational and translational 
components of entropic considerations)



Why is the contribution of H-bonds to DNA 
duplex stability considered minor?

A:  Because the DG of H-bonds is negligible compared to 
that of hydrophobic interactions

C: Because H-bonds are much weaker than covalent 
bonds    

D: because H-bonds between 2 bases are replaced by H-
bonds between bases and water during denaturation so 
the net energy change is close to zero

B: Because scientists are not able to calculate their 
contribution precisely so they neglect their contributions 



DG = DH - TDS
Gibbs free energy

Entropy

kB: Boltzmann constant
W: number of possible configurations
Pn: probability of state n



• Conformational Entropy

A•B

• Translational Entropy

A•B

A•B A•B

dsDNA:
strands A and B 
are linked 
= 4 possible states

Linked to the number of possible states of
the thermodynamical system

A + 
B

A B

A

B

A

B

(repeat 3x with A in 
other positions)

ssDNA:
strands A and B 
are free from each
other
= 16 possible 
States

Higher
Translational 
Entropy

dsDNA:
Relatively rigid with
limited flexibility
Þ low conformational 
entropy

ssDNA:
More flexible with 
rotational movement 
of the strand 
Þ higher conformational 
entropy



DNA denaturation can be measured using UV absorbance
measurements

UV spectroscopic analysis of 
SS (denatured) vs DS 
(native) DNA

180 200 220 240 260 280
Wavelength (nm)

Denatured (ss) DNA

Native 
(ds) DNA

Relative 
Absorbance

Hyperchromic Effect: UV absorbance of SS DNA > that of native DNA

Why? In DNA found in a single stranded conformation, electrons in the bases 
orbital systems are more excitable by UV because bases are no longer stacked 
regularly -> these electrons are less involved in pi-stacking interactions



“melting curves” for two different DNA molecules (red and blue) 
show different “melting points” = 2 different Tm values

DNA 
Molecule 1

Measuring DNA denaturation as a function of temperature

DNA 
Molecule 2

% of molecules
in single stranded
conformation



What do these DNA melting curves remind
you of?

A:  Poisson distribution

C: Case counts in the early days
of a pandemic = exponential curve

D: Gaussian curve = expected grading for a “curved” 
class 

B: oxygen binding/dissociation 
by Hemoglobin = sigmoid curve



Increasing C
onform

ational Entropy

Increasing 
Translational

Entropy
( 1 -> 2 molecules)

DNA melting is a cooperative process: 
this explains the sigmoid shape of DNA denaturation curves



The Tm of a DNA molecule is a linear function of its G-C content 
but NOT because of a higher number of H-bonds:  3(GC) vs 2 (AT)

Effect of G-C content on stability is 
Due to higher stacking energy 
provided by G-C base pairs in 
general compared to AT base pairs 
– especially cumulative effect of 
consecutive G-C base pairs

https://www.youtube.com/watch?v=PM3lIvFoLAg&ab_channel=DerekMcLachlin

Measuring the DG of various consecutive 
base pairs:  

5´

5´3´

3´

CA•TG

How to read 
this table:
Example of a 
CA•TG Stack:

Protozanova et al. J.Mol.Biol. 2004

https://www.youtube.com/watch?v=PM3lIvFoLAg&ab_channel=DerekMcLachlin


The identity and orientation of stacked bases affects its favorability

https://www.youtube.com/watch?v=PM3lIvFoLAg&ab_channel=Dere
kMcLachlin

5’

3’

5’

3’

5’

3’

5’

3’

https://www.youtube.com/watch?v=PM3lIvFoLAg&ab_channel=DerekMcLachlin
https://www.youtube.com/watch?v=PM3lIvFoLAg&ab_channel=DerekMcLachlin


G-quadruplex structures 
in telomeric DNA:
case of (T2G4) repeats in
telomeric DNA

4 G-quartets stack onto
each other

K+/Na+

Example of intrinsic
DNA Tertiary Structure

PDB ID:156D 

G-quartet = 4 G bases interact 
with each other

PyMol: Quadruplex.pse
G-quadruplexes protect the 
ends of your chromosomes!



Is this a good representation of 
RNA structures?

RNA structures

A:  Yes for mRNA and tRNA, not for rRNA 

C: Yes for tRNA only

D: No they are all
oversimplified

B: No mainly because mRNA is shown completely 
unstructured



RNA plays a central role in biology
RNA molecules typically exist as single strands

DNA RNA Protein



RNA can fold into secondary and tertiary structures
Structures can form within a single RNA strand

GACACUAAGUUCGGCAU
CAAUAUGGUGACCUCCC
GGGAGCGGGGGACCACC
AGGUUGCCUAGAGGGGU
GAACCGGCCCAGGUCGG
AAACGGAGCAGGUCAAA
ACUCCCGUGCUGAUCAG
UAGUGU

Signal Recognition Particle
Oubridge et al., 2002

Sequence Secondary structure Tertiary structure RNA-protein 
complexes



RNA secondary structure dot bracket notation

• Unpaired nucleotides are represented as dots
• Base pairs are represented as parentheses (Watson-Crick pairs)

GGCACUAGAUAACUAGGUGCC
((((((((....))).)))))

5’ 3’



What secondary structure does 
this RNA sequence adopt?

A: ((((((....))))))

C: ....((((....))))

D: ((((....((((....

B: ((((....))))....

AUUAGCCGUAAUCGGC



Predicting RNA secondary structure
Nearest neighbor parameters

v

vv

Experimentally measured
thermodynamic parameters, measured 
via optical melting experiments



Predicting RNA secondary structure
Nearest neighbor parameters

v

v

AUUAGCCGUAAUCGGC
((((....))))....

-1.10

v

-0.93
-1.33

DG = -1.10 + -0.93 + -1.33

DG = -3.36 kcal/mol

**There are also some 
parameters for terminal base 
pairs, hairpins, etc. that we are
ignoring here



Predicting RNA secondary structure

RNAfold WebServer: http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
RNAeval WebServer: http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAeval.cgi

Nearest neighbor parameters

v

v

AUUAGCCGUAAUCGGC
....((((....))))

v
DG = -3.42 + -3.26 + -2.36

DG = -9.04 kcal/mol

-3.42
-3.26
-2.36

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAeval.cgi


What secondary structure does 
this RNA sequence adopt?

A: ((((((....))))))

C: ....((((....))))

D: ((((....((((....

B: ((((....))))....

AUUAGCCGUAAUCGGC

DG = -3.36 kcal/mol

DG = -9.04 kcal/mol



Secondary and Tertiary Structure of RNA

Single strandedness nature of RNA makes it able to
“fold” on itself and base-pair with complementary segments
within the same molecule

Basic elements of 
Secondary Structure
in RNAs: 

A hairpin segment
in pseudo 3D: 



Some General Rules about RNA 3D structures/folding

• Non-Watson–Crick (aka non-canonical) pairing occurs frequently 
and is very important!

• Watson–Crick Pairing is important but a bit overrated 

RNAs are (in general) compact molecules - not limp spaghettis...

• Base Stacking is a major driver for RNA structure 

From:
Vicens and Kieft
PNAS 2022

PyMol: GAAA stem loop.pse



Secondary vs 3D Structures: Example of transfer RNA (tRNA)

“roadkill” 
version…

A better representation..
(e.g: shows interactions 
between blue and green 
domains not seen 
in 2ndary structure)

• Several G:U base 
pairs: “A” form 
tolerates the 
presence of G:U 
base pairs

• Non canonical base 
pairs: e.g. A:A

• Cations promote 3D folding

Visualize in PyMol: • Methylated 
base

PyMol: tRNA.pse

• Structure is not static!



Why does the A-form of dsRNA tolerate the 
presence of G-U base pairs?

A:  Because the major groove is
deeper which allows it to fit 

C: Because divalent cations frequently bind RNA, which 
stabilize weak base pairs like G:U

D:  Because the wider diameter of A-type double helices
allows for more flexibility in the geometry of the base 
pairs that can be included

B: Because G:U base pairs are isosteric
to Watson-Crick base pairs in A-type double helices, 
but not in B-type.



Some structural motifs that help RNAs fold 
into 3D structures



Pseudoknots and kissing loops

ΔG: −6 to −15 kcal mol.−1

• Watson-Crick base pairs between two stem loops

v

((((((..[[[...))))))....]]]
Half of one stem is between the two halves of another stem

Pseudoknots

Kissing loops

v

https://en.wikipedia.org/wiki/Pseudoknot



Ribose zippers

ΔG: less than −1 kcal mol.−1

Brings two strands/backbone close together 

Hydrogen bonding between the 2’OH groups on two different strands



A-minor interactions

ΔG: less than −1 kcal mol.−1

Adenosine is inserted into the minor groove of an RNA double helix.
Found in ~25% of adenosines of small ribosomal RNA

v



Kaposi's sarcoma-associated herpesvirus (KSHV) 
produces the PAN RNA, a highly abundant, nuclear 
noncoding RNA
A triple helical structure at the 3´-end of the PAN RNA
is important to protect this RNA against degradation by
cellular ribonucleases. 

Triple Helical Structures: Example of the ENE 
Structural element in a viral RNA

Mitton-Fry et al. 
Science 2010

PDB ID
3P22

5´

Secondary
Structure
Prediction
(was wrong)

Actual
Triple 
Helix
structure

5
´

U-A-U 
base pairs

PyMol: TripleHelix_ENE_A9.pse


