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Learning	Objectives	
§ Modeling	in	3D
§ Modeling	the	Double	Helix
§ Functions	of	the	Double	Helix
§ Designing	with	the	Double	Helix	
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Modeling	in	3D
§ Visualize structures	at	
a	molecular	level

§ Understand (model	
and/or	interpret)	
different	scenarios

§ Design change(s)	in	
the	model	to	test	
and/or	incorporate	
new	properties

3
www.itl.nist.gov/div898/handbook/pmd/section4/pmd41.htm

Select representation 
and model boundary



Protein	Data	Bank:	History

4

Lysozyme!

Hemoglobin!

Ribonuclease!

Myoglobin!

19
71

, 7
 s

tru
ct

ur
es

C
ur

re
nt

: >
13

0,
00

0 
st

ru
ct

ur
es

1971

2003

Current



RCSB	PDB:	Bicoastal	Organization
§ Managed	since	1999	by /
§ Collaborate	with	Worldwide	PDB	to	serve
more	than	1	million	Data	Producers/Consumers

§ Support	User	query,	analysis,	visualization,	and	
download	of	PDB	data	without	usage	restrictions

§ Global	reach	to	diverse	stakeholder	communities
§ Funded	jointly	by	NSF,	NIH,	DOE
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What	is	Archived	in	the	PDB?
§ Coordinates	and	experimental	
data	

§ Sample	preparation,	data	
collection	and	structure	solution	
details

§ Sequence(s)	of	polymers	
(proteins	and	nucleic	acids)	in	
the	structure

§ Information	about	ligands	in	the	
structure

§ Links	to	various	resources	that	
describe	sequence,	function,	and	
other	properties	of	the	molecule.

§ Classification	of	structures	by	
sequence,	structure,	function	
and	other	criteria
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The	Data	Pipeline
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Building	X-ray,	NMR,	EM	Models
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X-ray Crystallography: 
Electron density from a 
structure of DNA is shown 
here (PDB entry 196d), along 
with the atomic model

NMR: Restraints used to 
solve the structure of a small 
monomeric hemoglobin. The 
protein (1vre and 1vrf) is 
shown in green, and 
restraints are shown in 
yellow.  

EM: Tail of the T4 
bacteriophage. Surface 
rendering of the EM data 
(emd-1048) with atomic 
coordinates from PDB entries 
1pdf, 1pdi, 1pdl, 1pdm, 1pdp, 
and 2fl8.  



RCSB	PDB	Portal (rcsb.org)
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PDB-101	(pdb101.rcsb.org)
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Visualizing	Molecules	on	a	Device	Screen	
1.	Coordinate	file	from	PDB

2.	Visualization	software
e.g.,	RasMol,	Chimera,	NGL,
Swiss	PDB	Viewer

3.	Computer
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4.	Molecule	image
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Learning	Objectives	
§ Modeling	in	3D
§ Modeling	the	Double	Helix
§ Functions	of	the	Double	Helix
§ Designing	with	the	Double	Helix	
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DNA:	The	Transforming	Principle
§ Avery,	McLeod,	and	McCarty	experiment	(1944)

§ Streptococcus	pneumoniae pass	DNA	among	themselves
• Rough	colonies	=	no	polysaccharide	coat	à non-pathogenic
• Smooth	colonies	=	polysaccharide	coat	à lethal!
• Difference	à plasmid	encoded	genes

Avery

McLeod

McCarty

Biology

http://markuslibrary.rockefeller.edu/events_exhibits?page=events_exhibits_dna

https://profiles.nlm.nih.gov/ps/retrieve/narrative/cc/p-nid/158/p-visuals/true
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DNA:	The	Transforming	Principle	– Cont.
§ Implications	of	the	Avery,	McLeod,	McCarty	
experiment	à not	widely	accepted	in	1944

§ In	1952,	Alfred	Hershey	and	Martha	Chase	used
35S	and	32P	isotope	laden	bacterial	DNA	viruses
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labdish.cshl.edu/2016/06/15/base-pairs-episode-1-from-phages-to-faces/

Hershey
and 
Chase

Biology

https://en.wikipedia.org/wiki/Hershey%E2%80%93Chase_experiment#/
media/File:Hershey_Chase_experiment.png



DNA:	The	Chemical	Composition
§ DNA	is	a	polymer	composed	of	a	sugar	phosphate	
backbone	and	bases

§ There	are	two	types	of	bases	–
– Purines	(Adenine	or	A,	and	Guanine	or	G)	
– Pyrimidines	(Thymine	or	T,		and	Cytosine	or	C)

15

Sugar

Base

Phosphate

Chemistry



DNA:	The	Chemical	Composition	– Cont.
§ Chargaff’s	Rules:
1. Amounts	of	A=	T	and	C=	G
2. Ratio	of	A/T	vs C/G	varies	among	different

organisms	(makes	sense	for	heredity)
§ Chargaff	met	with	Watson	and	Crick	in	1952
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markuslibrary.rockefeller.edu
/assets/image/DNA/11.JPG

www.nature.com/scitable/topicpage/discovery-of-dna-structure-
and-function-watson-397
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DNA:	Base	Pairing	in	Keto	vs. Enol
§ Jerry	Donohue	shared	office	with	Watson	and	Crick
§ Keto	form	of	bases	is	dominant	(based	on	
Furberg’s cytidine	1951	X-ray	structure)

§ Explained	isosteric base	pairing	– R---R	distance	
for	A=T	and	G≡C	is	the	same	àmolecular basis	for	
Chargaff’s	Rule	No.	1)

17Chemistry

http://pubs.acs.org/cen/coverstory/8110/8110dna2.html
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DNA:	is	a	Helix
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Franklin’s Photograph 51Diffraction of a Helix

• Cochran, Crick and Vand published 
theoretical paper on X-ray diffraction 
from helical polymers (1952) Acta
Crystallographica 5, 5811

• Motivation Pauling’s α-helix

http://ars.els-cdn.com/content/image/1-s2.0-S0022283603014128-gr10.jpg

http://ars.els-cdn.com/content/image/1-s2.0-S0022283603014128-gr16.jpg

Diffraction	Demo
Physics/Mathematics



DNA:	Fiber	Diffraction
§ Rosalind	Franklin	(King’s	College	London)	
recorded	X-ray	diffraction	from	DNA	fibers

§ Franklin	and	Wilkins	identified	2	DNA	forms:	
• A-form:	Less	hydrated	(better	ordered)
• B-form:	More	hydrated

§ A- (and	B-)	form	DNA	diffraction	show	à space	
groups	was	C2

• Clue	à antiparallel	DNA	strands	

19
http://www.intellectualventureslab.com/invent/scientists-in-history-rosalind-franklin
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Details	of	Franklin’s	Photograph	51

§ Helical	cross!
• DNA	is	a	helical	polymer

§ Regular	layer	line	spacing	
(1/34Å-1)
• DNA	is	composed	of	
substructures	~3.4Å	apart

§ Meridional	reflection
with	smaller	spacing
(1/3.4Å-1)
• Overall	structure	of	DNA	
repeats	every	~34Å	(or	
every	10	substructures)

20Physics



Building	a	3D	Model	for	DNA
Pauling	and	Corey	(1953) Fraser	(1952),	unpublished

21

http://www.pnas.org/content/39/2/84.full.pdf

-snip-

http://scarc.library.oregonstate.edu/coll/pauling/dna/notes/fraser-structure-01-large.html



Building	a	3D	model	for	DNA	– Cont.

22



Publish	or	Perish!
§ We	wish	to	suggest	a	
structure	for	the	salt	of	
deoxyribose nucleic	acid	
(D.N.A.)	…

§ It	has	not	escaped	our	
notice	that	the	specific	
pairing	we	have	postulated	
immediately	suggests	a	
copying	mechanism	for	the	
genetic	material.

23
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Watson-Crick Base Pairs



Lessons	from	Watson	and	Crick
§ Only	tackle	Important	Problems

§ Be	in	the	“Right	Place	at	the	Right	Time”

§ Collaboration	is	Critical	for	Success
Different	Scientific/Cultural	Perspectives	
Complementary	Technical	Skills

§ Competition	is	Central	to	Rapid	Progress	in	Research

§ Have	the	Courage	of	Your	Convictions

25



More	About	the	DNA	Double	Helix
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Exercise	1
§ Search	the	PDB	for	structures	of	B-DNA:
1. When	was	the	first	B-form	duplex	DNA	

structure	determined?	What	is	its	PDB	
Identifier?	

2. Open	the	structure	summary	page	for	this	PDB	
entry	and	answer	the	following:

• Describe	the	overall	structure.	Where	are	the	bases,	
phosphates,	sugars?	

• Comment	on	the	H-bonding	pattern	between	bases
• Where	are	the	major	and	minor	groves	in	this	
structure?	How	did	you	figure	this	out?

27



Further	Exploration
§ Make	a	paper	model	of	the	DNA
§ Search	the	PDB	for	structures	of	A-DNA	and	Z-DNA
§ Visualize	these	structures	and	answer	the	
following	questions:
• What	is	the	handedness	of	each	of	these	DNA	
helices?

• In	these	structures,	is	the	H-bonding	pattern	
within	base	pairs	the	same	or	different?

• Where	are	the	major	and	minor	grooves	located?	
How	did	you	figure	this	out?
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https://cdn.rcsb.org/pdb101/learn/re
sources/dna-model-2013_2.pdf



Learning	Objectives	
§ Modeling	in	3D
§ Modeling	the	Double	Helix
§ Functions	of	the	Double	Helix
§ Designing	with	the	Double	Helix	
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• Genetic Blueprint: Replication
• Genetic Code: Protein Synthesis
• Organization of DNA in higher organisms

RNA Polymerase

EcoRI

Lac repressor

CAP protein

Helicase

DNA Polymerase

ssDNA BP

Nucleosome
Topoisomerase

Organization Replication Protein synthesis/Regulation



Double	Helix	and	Duplicating	DNA
§ Semiconservative	replication	– with	leading	and	
lagging	strands

§ Involves	many	proteins

30

http://pdb101.rcsb.org/motm/3

Proteins	at	the	Y-shaped	DNA	
Replication	Fork,	showing	DNA	
polymerase	and	many	other	
proteins	
(https://www.nature.com/scitable/topicpage/dna-
replication-and-checkpoint-control-in-s-14202419#)

Taq DNA 
polymerase



Polymerase	Chain	Reaction

31

Mullis

http://www.nobelprize.org/nobel_pri
zes/chemistry/laureates/1993/mullis.
html

Taq Polymerase in action, showing the template and primer strands. 
PDB entries 4ktq, 2ktq, and 3ktq, (Li, Korolev, Waksman 1998)

http://www.hhmi.org/biointeractive/p
olymerase-chain-reaction



Exercise	2
§ Read	the	MotM feature	on	DNA	polymerase	(pdb101-
alpha.rcsb.org/motm/3).	Compare	the	E.coli and	T.	
aquaticus DNA	polymerase	enzymes:
• List	one	similarity	in	the	functions	of	the	enzymes.
• List	one	difference	in	the	functions	of	the	enzymes.

§ Open	the	structure	summary	(SS)	page	for	the	
structure	of	Taq polymerase	(PDB	entry	1tau).

• Name	the	polymers	present	in	this	structure.	Hint:	examine	
the	Macromolecules	section	of	the	SS	page

• How	many	domains	does	the	protein	have?	Name	them.
• How	many	structures	of	the	Taq polymerase	can	you	find	in	
the	PDB?	Explain	your	approach	to	this	answer.

• Why	are	there	so	many	Taq polymerase	structures?

32



Further	Exploration
§ What	does	the	Taq polymerase	do	when	the	
template	strand	is	missing	a	base	or	has	a	modified	
base?

§ Can	the	Taq polymerase	incorporate	unnatural	
bases?

§ What	do	other	proteins	involved	in	DNA	replication	
look	like?	What	are	their	functions?	Visualize	their	
structures	and	explain	their	functions.	

33



The	Genetic	Code
§ 1958,	Crick	à Central	
Dogma	of	Biology:	
• DNA	à RNA	à Protein

§ mRNA	transmits	genetic	
information	from	DNA	
(nucleus)	to	ribosome	
(cytoplasm)

§ 1961,	the	genetic	code	is:
• a	group	of	3	bases	code	for	
an	aa

• non-overlapping
• read	from	a	starting	point
• probably	degenerate

34
Cell, Volume 128, Issue 5, 9 March 2007, Pages 815-818

Crick and 
Brenner

wellcomelibrary.org/content/2843/23971/brenner-crick.jpg



The	Genetic	Code	– Cont.
§ Nirenberg:	

• 1961:	Cell	free	protein	synthesis	studies	
poly	U	(RNA)	à codes	for	poly	Phe

• By	1966	all	64	codons	for	20	aa	deciphered

§ Khorana:
• 1963-66:	synthesized	deoxypolynucleotides

– Template	for		RNA	polymerase	à RNA	polymers
• 1979:	Total	synthesis	of	a	gene

§ Holley:
• 1965:	isolated,	sequenced	and	determined		the	
structure	of	Ala	tRNA

35
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Double	Helix	and	The	Central	Dogma		

36

T7 RNA Polymerase in action showing 
the coding, non-coding DNA strands, 
and the transcribed RNA. PDB entry 
1msw (Yin and Stietz, 2002) 

Ribosome in action – showing 
mRNA and tRNAs bound to 
ribosome. PDB entry 4v6f 
(Jenner et al., 2009)

https://www.ncbi.nlm.nih.gov/Class/MLACourse/Modules/MolBio
Review/images/central_dogma.gif



Further	Explorations
§ Read	the	MotM on	RNA	polymerase	(pdb101-
alpha.rcsb.org/motm/40).	
• Are	all	DNA	and	RNA	polymerases	accurate?	
• What	is	the	importance	of	proofreading?	

§ Examine	the	structure	of	an	RNA	polymerase	in	
action	(PDB	entry	1msw).	What	is	the	helical	form	
of	the	DNA:DNA	and	DNA:RNA	duplexes?

§ Make	a	paper	model	of	tRNA and	try	the	tRNA
activity	(pdb101.rcsb.org/learn/paper-models/trna)

37



Chromosomes:	History	and	Function	
§ “Chromatin”	coined,	histones	identified		in	1880s!	

38
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Double	Helix:	The	Packing	Problem
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Structure	of	the	Nucleosome
§ Luger	et	al.,	1997	
structure	revealed:
• Nucleosome	core	– has	2	
copies	each	of	H2A,	H2B,	
H3	and	H4	(octamer)	w	
145–147	(DNA	bps)

§ Chromatin	structure	à
transcription	regulation
• Histones	collaborate	w	
transcription	factors	à
their	removal	and/or	
modification	à gene	
derepression

40

Overlapping 
dinucleosome
provides 
insights into 
chromatin 
remodeling. 
PDB entry 5gse 
(Kato et al., 
2017)

Nucleosome core 
particle bound to 
DNA. PDB entry 1aoi 
(Luger et al., 1997) 



Further	Explorations
§ Read	the	MotM on	Nucleosomes	
(pdb101.rcsb.org/motm/7)

§ Visualize	and	explore	the	structure	of	a	
nucleosome	(PDB	entry	1aoi).	Answer	the	
following	questions	based	on	your	explorations:
• What	is	the	conformation	of	the	DNA	in	this	
structure?

• Describe	the	histone	protein:DNA interactions.	
Are	they	sequence	specific?

41



Learning	Objectives	
§ Modeling	in	3D
§ Modeling	the	Double	Helix
§ Functions	of	the	Double	Helix
§ Designing	with	the	Double	Helix	

42
https://www.neb.com/~/media/NebUs/Page%20Images/Products/Restriction%20Endonucleases/Molecular%20Cloning%20and%20Beyond/FA_RE_MCBeyond_Timeline.jpg?device=modal



Restriction	Endonucleases
§ Bacterial	defense	against	
viral	infection	– innate	
immunity

§ Discovered	1960s
§ Cleaves	viral	(foreign)	
DNA	at	specific	locations

§ Works	with	DNA	
methylasesàmodify	
host	restriction	sites	to	
protect	from	being	
cleaved

43

Arber

https://www.neb.com/~/media/NebUs/Page%20Images/Products/Restriction%20Endonu
cleases/Molecular%20Cloning%20and%20Beyond/FA_RE_MCBeyond_RETypes.jpg
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Restriction	Endonucleases:	Applications
§ Cloning:

• Uses	restriction	enzymes,	
gene	of	interest	and	ligases

• Used	for	recombinant	DNA

§ DNA	mapping:
• Difference	in	homologous	
DNA	sequences	à DNA	
fragments	of	different	
lengths	after	digestion	with	
specific	REs

• Used	for	genotyping,	
forensics,	paternity	tests,	
hereditary	disease	
diagnostics

44
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Double	Helix	in	Restriction	Endonuclease

45

Animation showing restriction digestion by EcoRV. PDB entries 1rvb and 1rvc (Kostreva and Winkler 1995)



Further	Explorations
§ Read	the	MotM feature	on	restriction	endonucleases	
(pdb101-alpha.rcsb.org/motm/8)

§ Examine	the	structures	of	the	restriction	endonuclease	
EcoRV (PDB	entries	1rva,	1rvb,	1rvc)
• How	does	the	protein	recognize	the	specific	DNA	
sequence?	
• Visualize	the	structures	and	explore	the	protein:DNA
interactions.	

• Which	interactions	are	specific	to	the	EcoRV target	site?
§ Identify	the	structures	of	other	restriction	
endonucleases	(e.g., HindIII,	BamHI)	in	the	PDB	and	
explore	how	the	enzyme	recognizes	its	cognate	
sequences.	

46



Genome	Editing

47

https://www.nature.com/nprot/journal/v11/n9/images/nprot.2016.104-F1.jpg



CRISPR-Cas9
§ Clustered	Regularly	
Interspaced	
Palindromic	Repeats	
(CRISPR)	

§ Encodes	instructions	
for	adaptive	immune	
system	à protects	
microbes	against	
specific	phage	
infections.

48

https://d2ufo47lrtsv5s.cloudfront.net/content/sci/346/6213/1258096/F2.large.jpg



Genome	Editing	Using	CRISPR-Cas9
§ Cas9	guided	to	specific	
locations	in	genomes	by	
a	short	RNA	search	
string	(guide	RNA)

§ DNA	sequences	and	their	
functional	outputs	
editable	

§ Guide	RNA	à fuse	crRNA	
+	tracrRNA (facilitates	
DNA	cleavage	by	Cas9	in	
vitro)

49

www.nature.com/cr/journal/v23/n6/images/cr201339f1.jpg

PAM



Double	Helix	and	CRISPR	Cas-9

50

Structure of Cas9 bound to PAM-containing DNA target and guide RNA. PDB entry 4un3 
(Anders, C., Niewoehner, O., Duerst, A., Jinek, M. 2014)

See also: http://www.cell.com/cms/attachment/2081785784/2072571835/mmc1.mp4



Further	Explorations
§ Read	the	MotM feature	on	CRISPR	proteins	(pdb101-
alpha.rcsb.org/motm/181)

§ Examine	the	structure	of	a	Cas9	bound	to	PAM-containing	
DNA	target	(PDB	entry	4UN3):
• Visualize	and	identify	the	target	and	non-target	DNA	
strands	and	guide	RNA

• How	is	the	protospacer adjacent	motif	(PAM)	sequence	
recognized	by	Cas9?	Explain	at	the	molecular	level

§ Identify	and	explore	the	structures	and	mechanisms	of	
function	of	other	genome	editing	mechanisms,	e.g.,:
• Zinc	finger	nucleases
• Transcription	Activator	Like	Effector	Nuclease	Proteins	
(TALENS)

51



Designer	DNAs
§ Designed	DNA	sequences	
with	sticky	ends

§ Hybridize	to	form	
extended	or	complex	
structures

§ Join	DNAs	with	ligase
§ Makes	scaffolds	that	

• Has	spaces	in	the	lattice	to	
host	other	molecules,	like	
proteins,	and	orient	them

• May	be	used	for	building	
nanoscale	electrical	devices
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Summary
§ Modeling	in	3D

– Protein	Data	Bank
– RCSB	PDB	data,	tools	and	resources	

§ Modeling	the	Double	Helix
– Interdisciplinary	approaches	and	results	
– Modeling	the	Double	Helix

§ Functions	of	the	Double	Helix
– Genetic	Blueprint:	Replication
– Genetic	Code:	Protein	Synthesis
– Organization	of	DNA	in	higher	organisms

§ Designing	with	the	Double	Helix
– Cloning:	restriction	endonucleases
– Genome	editing:	CRISPR
– Designer	DNAs	
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Invitation	to	Develop	and	Share	Lessons
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