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Modeling in 3D

Select form of model .
_ based on current Select representation

data or results from and model boundary

= Visualize structures at
a molecular level B

_~New data needed R
- tofit model? 7

Design new
experiment,

" Understand (model
and/or interpret)

h 4

Fit model using

different scenarios b |puamsterestmation| | ewdata

data andjor process
knowledge.

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

,,,,,,w"‘New model .
describes the / - Yes-p End

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




1971, 7 structures

Protein Data Bank: History

Myoglobin Hemoglobin
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Current: >130,000 structures
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Current
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RCSB PDB: Bicoastal Organization

= Managed since 1999 by RUTGERS / UCSanDiego

" 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




What is Archived in the PDB?

HEADER OXYGEN TRANSPORT 07-MAR-B4 4HHB

u Coordlnates and eXperlmental TITLE THE CRYSTAL STRUCTURE OF HUMAN DEOXYHAEMOGLOBIN AT 1.74 ANGSTROMS

| Sequence(s) Of polymers KEYWDS OXYGEN TRANSPORT

EXPDTA X-RAY DIFFRACTION

TITLE 2 RESOLUTION cc
COMPND MOL_ID: 1; =
data COMPND 2 MOLECULE: HEMOGLOBIN (DEOXY) (ALPHA CHAIN); cc
COMPND 3 CHAIN: A, C;
COMPND 4 ENGINEERED: YES; S
. COMPND 5 MOL_ID: 2; m
COMPND 6 MOLECULE: HEMOGLOBIN (DEOXY) (BETA CHAIN);
= Sample preparation, data Coup> 7 Canz: B, o 2
R . COMPND 8 ENGINEERED: YES (D)
SOURCE MOL_ID: 1;
collection and structure solution sme i . oo saommss; =
» SOURCE 3 ORGANISM COMMON: HUMAN; 1
detalls SOURCE 4 ORGANISM_TAXID: 9606; (L,
SOURCE 5 MOL_ID: 2; q)
SOURCE 6 ORGANISM_SCIENTIFIC: HOMO SAPIENS;
SOURCE 7 ORGANISM_COMMON: HUMAN ; '-c
SOURCE 8 ORGANISM_TAXID: 9606 CU
(aD}

(proteins and nucleic acids) in £ STEIE L
3 01~ -03
the structure REVDAT 2  15.07-99 émEB 3 WIRIX
REVDAT 1 17-JUL-84 4EHB 0
SPRSDE 17-JUL-84 4HHB 1HHB
. . R JRNL AUTH G.FERMI,M.F.PERUTZ,B.SHAANAN, R. FOURME
JRNL TITL THE CRYSTAL STRUCTURE OF HUMAN DEOXYHAEMOGLOBIN AT 1.74 A
= Information about ligands in the & 5. e
JRNL REF J.MOL.BIOL. V. 175 159 1984
0022-2836
structure prves D 6726807 Tes
-snip-
[ | Llnks to VaI'IOUS resources that CRYST1  63.150 83.590 53.800 90.00 99.34 90.00 P 1 21 1 4
ORIGX1 0.963457 0.136613 0.230424 16.61000
d -b f t- d ORIGX2 -0.158977 0.983924 0.081383 13.72000
ORIGX3 -0.215598 -0.115048 0.969683 37.65000 L
€scribe Sequence’ unc lon’ an SCALE1 0.015462 0.002192 0.003698 0.26656 Coordlnate data
. 2 -0.001902 0.011771 0.000974 0.16413
other properties of the molecule. & s oo oo o:r0ss
MTRIX1 1 -1.000000 0.000000 0.000000 0.00001 1
MTRIX2 1 0.000000 1.000000 0.000000 0.00002 1
. . . MTRIX3 1 0.000000 0.000000 -1.000000 0.00002 1
ATOM 1 N VAL A 1 6.204 16.869 4.854 1.00 49.05 N
= (lassification of structures by P 3 momea 1 o s L RO :
- ATOM 3 C VAL A 1 8.504 17.378 4.797 1.00 24.80 C
sequence, structure, function WMo S & owma 1 oSk Dew iohe Do :
d h . " ATOM 6 CGl VAL A 1 7.009 20.127 5.418 1.00 61.79 C
7 2 V. 1 5.246 18.533 5.681 1.00 80.12
and other criteria RS T N B e :




The Data Pipeline

Genomic Expression,
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Building X-ray, NMR, EM Models

X-ray Crystallography: NMR: Restraints used to

Electron density from a solve the structure of a small  bacteriophage. Surface

structure of DNA is shown monomeric hemoglobin. The  rendering of the EM data

here (PDB entry 196d), along  protein (1vre and 1vrf) is (emd-1048) with atomic

with the atomic model shown in green, and coordinates from PDB entries
restraints are shown in 1pdf, 1pdi, 1pdl, 1pdm, 1pdp,
yellow. and 2fl8.



RCSB PDB Portal (rcsb.org)

\ﬂ > > . 39 An Information Portal to
‘:} L,y I_\) l_\ﬁ 130997 Biological Search by PDB ID, author, macromolecule, sequence, or ligands
- Macromolecular Structures
PROTEIN DATA BANK Advanced Search | Browse by Annotations \
Query

WORLDWIDE Q Worldwide
3 - fend EMDataBank weweacn StructuralBiology S
5 PDB-101 [ ol e =] Q e Fructuraision P o o

Welcome This resource is powered by the Protein Data Bank archive-information about
the 3D shapes of proteins, nucleic acids, and complex assemblies that helps
students and researchers understand all aspects of biomedicine and agriculture,
from protein synthesis to health and disease.

#™ Deposit

Q As a member of the wwPDB, the RCSB PDB curates and annotates PDB data.
Query The RCSB PDB builds upon the data by creating tools and resources for
research and education in molecular biology, structural biology, computational
Cal . . biology, and beyond.
Visualize
Analyze

Zika lllustration Named People's Choice

> e o A58 ]
9 A Se% % o

People's Choice Award Winner

Category: lllustration

Zika Virus
David S. Goodsell

Adenine Riboswitch in Action




PDB-101 (pdb101.rcsb.org) Query

PDB-101 Molecule of the Month~ Browse Learn~  Global Health~  Teach~  Geis Archivev  Events~ More~

X fP‘D B 1 Molecular explorations Search Molecule of the Month articles’and more u
3 -101 | ~
4 through biology and medicine

Educational portal of Z IPID BB Gyoo

Molecule of the Month June 2017 Browse resources by category >

4

Health and Disease

v Molecules of Life

v Biotech and Nanotech

Adenine Riboswitch in Action 3o View: sswe

XFEL serial crystallography reveals what happens Style Color Spin
when adenine binds to a riboswitch *) Cartoon ") Rainbow O On

Spheres O Chain Off v Structures and Structure
More O Surface *) Structure Determination

All articles: By Date By Category By Title




Visualizing Molecules on a Device Screen
1. Coordinate file from PDB

PDB entry 1rva

m 4. Molecule image

3. Computer

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



Learning Objectives

= Modeling the Double Helix

Physics --------

Mathematics ---------

markuslibrary.rockefeller.edu/assets/image/DNA/12.JPG




DNA: The Transforming Principle

" Avery, McLeod, and McCarty experiment (1944)

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

MclLeod

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

https://profiles.nim.nih.gov/ps/retrieve/narrative/cc/p-nid/158/p-visuals/true

Biology




DNA: The Transforming Principle — Cont.

= Implications of the Avery, McLeod, McCarty
experiment = not widely accepted in 1944

" In 1952, Alfred Hershey and Martha Chase used
358 and 32P 1sotope laden bacterial DNA viruses

[ SSE2tiiteeici 7 ~ 2
labdish.cshl.edu/2016/06/15/base-pairs-episode-1-from-phages-to-faces/

Biology

sulfur labéled protein
b 1. Infection
tfgt ‘fg‘

Bacteriophages
/@/\ phosphor | beled
DNA (g
capsule ( ed)
- © 2. Blending
C& @ @@ 3. Centrifugation
Aft
ph ph

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)

— &BA

Base

| Sugar

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

markuslibrary.rockefeller.ed

/assets/image/DNA/11.JPG

Chemistry

Chargaff

u

Total Purines = Total Pyrimidines

©-©

www.nature.com/scitable/topicpage/discovery-of-dna-structure-
and-function-watson-397




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 = molecular basis for
Chargaft’s Rule No. 1)

Donohue /H T
H' C 6: ..... H — N N—H ..... :6
J N N
/4 N—H""'lN/ \\ N / \N; ..... H—N \\_N
N— =y % N— =/ %
R‘\‘ 0 Is‘ Q: ..... H_
I
H
Thymine Adenine Cytosine Guanine

www.archives.upenn.edu/img http://pubs.acs.org/cen/coverstory/8110/8110dna2.html
/20011023003x200.jpg

Chemistry




DNA: is a Helix

Diffraction of a Helix Franklin’s Photograph 51

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

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

CrySta”Ographlca 51 581 1 http://ars.els-cdn.com/content/image/1-s2.0-S0022283603014128-gr16.jpg

*  Motivation Pauling’s a-helix . .
SR 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 = space
groups was C2

* Clue = antiparallel DNA strands

Franklin

A-DNA B-DNA

http://www.intellectualventureslab.com/invent/scientists-in-history-rosalind-franklin

Physics




Details of Franklin’s Photograph 51

= Helical cross!
* DNA is a helical polymer

= Regular layer line spacing

1/34A1)

* DNA is composed of
substructures ~3.4A apart

= Meridional reflection
with smaller spacing
(1 /3. 4.A- 1
* Qverall structure of DNA

repeats every ~34A (or
every 10 substructures)

Physics ‘




Building a 3D Model for DNA

Pauling and Corey (1953)

Fraser (1952), unpublished

e
.

| ~ ~

FIGURE 6

L7 o

Plan of the nucleic acid structure, showing several nucleotide’ residues.

diffraction, and physicochemical properties. The task of
integrating these obsemwations to give a detailed picture of the
structure of the nucleic acids is a formidable one, and is by
no means complete. However, in view of the letter by Pauling
and Grey it seems worth describing a type of structure that we
have considered, which, although it involves three intertwined
helical polynucleotide chains, differs considerably from that
formulated by them.

-snip-

(a) electrostatic attractions between the negatively charged

phosphate groups and the sodium ions,

(b) Van der Waals attractions between the planar purine and

pyrimidine residues,

(e) hydrogen bonds formed between the C=0, NH NH and OH groups

of the purine and pyrimidine residues.

Models of polynucleotide chains were built assuming that the
B-deoxyribofuranosides were joined by 3',5' phosphate diester

linkages, as in Figure 1.

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

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




Building a 3D model for DNA - Cont.

Thymine

Adomno \
ND CH,~O~ P:O
N

o
o u)‘m

( 0
: ;
-O - NH '
OsP-0-CH, PN, . N CH,-0-P10
o uﬁa o
NH, na N




Publish or Perish

= We wish to suggest a
structure for the salt of

deoxyribose nucleic acid
(D.N.A) ...

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

No. aase Apl'" 2.), 1953

wquipment, and to Dr. G, E. R. Doaccn and the

captoin and officurs of RUR.S, Discovery 11 for their

port mn making the olaervatioss,

'Yultrlaé.il" B Goand, M., aod Jovoas, W., PAT. Mag, 40, 148
x,,.'.n”.vuu o, M. 5., Mom, Net, By, Astes. Swe., Govpdpn. Sopp.,
*Vim Are W, 5. Wonds Fsle Papers 1 FAY, Octusoy. Xelesr, 13

SEbomn, V. W, Artie. Mub. Annoe Pyl | Sedtebe, 3011 106

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to saggest » structuro foe the aalt

of deoxyribose nuwleic soid (DNA).  This
atructum bas novel featares which are of considernblo
binlogeal Intorest.

A strueture for nuolede ackd hos elready been
propossd by Paaling and Corey', They kindly made
thadr lmnuscan ovoilable to us in edvence aof
publication.  Their model consists of three inter-
twined chaine, with the phosphntes near the fibre
axie, and the Dades on the owtside, Tn our opinion,
this steocture s unsatsfactory for two reasons -
{1) Weo believe that the material which gives tho
X-ray dingrams i the salt, not the fres aold, Without
the acidie hydrogon atoms it s not olear what foroes
would hold the stracture toguther, especially as the
negatively charged phosphates near the axs will
repel each othes. (2] Some of the van der Waals
distancos & 10 be too small.

Arother threechaln structure has also been sug-
geeted by Fraser (in the press), In his model the
phosphates aew on the outside and the bases on the
insede, linkod together by hydroges bonde  This
structure o8 deseribed s rathor Hl.defined, and for
this reason we shall not comment
an it

We wiah to put forward o
raclioally diffscent stracture for
the sl of deoxyriboss nusluic
acid, Tha structiuw has two
heliead choirs each colled round
the ssme axis (see diagram), We
hove mads the wunl chumeal
asurnpeions, mamoly, that ach
ehain consists of phosphate di
estor groups joming §-p-deoxy-
ribofuriecae meidoss with 37,67
linkages. The two chains (bue
not their hases) aro relsted by
dynd perpenddicular to the flire
axin. Both choira follow right-
handed holices, but owing to
the dynd the sequences of the
atoanx in the two chains run
in opposte directions.  Each
chain  loosely resembles Fuar-
berg's® model No. 1; that ix
the Dases orv on the mide of
. the helix and the phosphotes on
The Ageee 6 paredy  ghe outmide, The configuration
}‘m‘:&“’!f": of the wagar and the atams
LA oeae it B clwse Lo Furberg's
paetad rouds She palrs of standard configuration’, the
bt bddless I ctmltn  wapar boing  roughly  perpendi-

s ey culier 20 tha attacknd b, Thare

NATURE 737

w o residoe on each chain ey 3:4 A, im the 3-direc
tion.  We have sssumed an anglo of 387 betweon
odjocent residies in the same ohoin, 5o that the
stroeture repeats sllee 10 rowidaes an cach chain, that
in, aftor 34 A, The distonce of & phosphors atom
frcom the Gbew axisis 10 A, As the phosphates are on
the outside, cotions have siay acoms to them.

The struoture i on open otw, il its water contont
is rather high, At lower worer contents wo would
expeet the bass 1o tilt a0 that the structus eould
beoome more eompact.

The novel foature of the stevcture is the mannee
in which the two chains are held togethor by the
parine and pyriciding bases. The planes of the bases
are porpendivnlar to the fibeo axia, They am Joined
toguthor in pains, » single base from one chain baing
hydrogon-bondad to 4 =inglo base from the other
chinin, 80 that the two liv side by side with identicsl
zeoondinates. Owe of the pair must be » purine and
the other & pyrimedine for boading to cceur. Tha
hydecgan bonds are made as follows - purme position
1 to pyrimidine poaiticn 1; purine position 6 to
pyrimidine positéon 6.

I it ix seozmed that the boses only oscur in the
strocture ln the most plansible tsutomoric forms
(that is, with the koto rather than the emol con-
figurstions) it is found that anly specific irs of
bases ean bomid together. These pomw-m: ‘:d‘mum
(parine) with thymine (pyrimidine), and gosnine
(parine) with cytoaine (pyrimiding).

In other words, if oo ine fores ono rsenber of
n pair, on either chain, then on these sssumptions
the other mambee must bo thymine | similarly for
guanine and eytosine. The sequenco of bass on o
mngle chain doss not appear to be restricted i axy
wiy. However, il anly spocific pairs of bases osn be
farmed, it follows thas if the wguene of hass an
one chaln & glven, then the seguancs on the othse
chsin & swtomatically determened.

Tt has boess found expeaimentally? that the ratio
of the amounts of adesing 10 thyming, and the ratic
of gunnine 10 eytosine, sre always vory closs to unity
for deoxyniboss nucleio noid.

Tt is peobably impossable to build this strsstuame
with o ribose sugor in place of the deoxyriboss, os
the extra oxygen atom would moke too close o van
der Waals oontect,

The pewvioudy publidhed Xoray data® on deoxy-
ribose nucleic acid aro insafeiont for o rigorous test
of our structure. So far as we can tell, it & roughly
oomgestible with the expecimontal dota, but it must
be rugardod o8 unproved until it has been choslond
ogoinst more exact resalts. Somwe of thes: o gives
in the following eommuniostions, We were not sware
of the dotails of the nesalts prossnted there when wo
devisod our stracture, which resta mainly though not
entirely on published expecimental date and steroo-
ohemical arpaments,

Tt has sot escaped our notios that the specific
pairisg wo have postulsted immnodaoly sugosts o
possible copying mechsnism for the tio materinl.

Full detads of the strocture, inoluding the con-
ditios mesumoed in building i, together with & st
of coordinntes for the otoms, will be pabliahed
elsewhere,

We arm much indabéad to Dr, Jorry Donohue for
vonsant sdvies and critician, wposally on intar-
stomic distances. We bave also beun stimulated by
n knowledge of the gencenl nature of the unpublished
oxpermental tonlds and idess of Dr. M, H F.
Wilkins, Dz, R. E. Frooklin and their co-warkars as




Watson-Crick Base Pairs

GENETICAL IMPLICATIONS OF

THE STRUCTURE OF
DEOXYRIBONUCLEIC ACID

By J. D. WATSON and F. H. C, CRICK

"~ Medical Research Council Unit for the Study of the
Molecular Structure of Biological Systems, Cavendish
Laboratory, Cambridge

No. 4361 May 30, 1953
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NATURE comne

For the moment, the general scheme we have
proposed for the reproduction of deoxyribonucleic
acid must be regarded as speculative. Even if it is
correct, it is clear from what we have said that much
remains to be discovered before the picture of genetic
duplication can be described in detail. What are the
polynucleotide precursors ? What makes the pair of
chains unwind and separate ? What is the precise
role of the protein ? Is the chromosome one long pair
of deoxyribonucleic acid chains, or does it consist of
patches of the acid joined together by protein ?




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




Right handed
Minor groove:
deep and narrow
Major groove:
wide and shallow

Right handed
Minor groove:
deep and narrow
Major groove:
deep and wide

More About the DNA Double Helix

Left handed

V. deep minor
groove

Major groove on
outside

https://cdn.rcsb.org/pdb101/geis/images/600/geis-0394-dna.png




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
[dentifier?

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?




Further Exploration

= Make a paper model of the DNA

https://cdn.rcsb.org/pdb101/learn/re
sources/dna-model-2013_2.pdf

= 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?



Learning Objectives

Modeling in 3!
Modeling the |

Functions of t]

D
Double Helix

ne Double Helix

Designing wit!

n the Double Helix

Genetic Blueprint: Replication
Genetic Code: Protein Synthesis
Organization of DNA in higher organisms

Organization Replication Protein synthesis/Regulation
Lac repressor ‘
- Svarh o 3 S ¢
Nucleosome _* 5
i n Ao DNA Polymerase = Topoisomerase
FPDEIVR > X4 3 Jae £373 -
p A oo 0. .
,33(‘*‘ 200 aa. . ‘o &% o0 e 90 g
e o Y E - o L
A %@ AT o :
| ')A'j' l‘ »\-‘v" B )
' ’9}-‘\ 5 It .T«f‘i‘ v RNA Polymerase
ssDNA BP 243 " Helicase




Double Helix and Duplicating DNA

= Semiconservative replication — with leading and

lagging strands

" [nvolves many proteins

DNA polymerase on
lagging strand (just
finishing an Okazaki —__
fragment)

J

Sliding clamp \

Newly synthesized strand

RO m@\\

Leading-strand template

=

— New Okazaki fragment

Single-strand

. ,\\\l’ ";:\l / \e/‘“\ A‘ protein

e 'o. 50
RNA L
Clamp loader — b S primer

Lagging-strand
template

DNA-binding

on lea

"~ — Next Okazaki fragment

DNA polymerase

)
N
>

e

\\/lf\\\w\\\m{w\\\:l/

ding strand

DNA helicase

Primosome
DNA pnmasc}

Topoisomeray

Bl

Parental DNA helix
will start here

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-142024194#)

Tag DNA
polymerase
http://pdb101.rcsb.org/motm/3



Polymerase Chain Reaction

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

Mullis

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

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

html



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?




Further Exploration

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

= Can the Taqg 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.




The Genetic Code

= 1958, Crick = Central

Dogma of Biology:
- DNA - RNA - Protein Crick and [

Brenner

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

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

oo December 30, 1961 NATURE 1227

PRENSSE GENERAL NATURE OF THE GENETIC CODE FOR PROTEINS

[ | 1 9 6 1, the genetlc COde IS : By Ds. F. H. C. CR;nch.Dz.R::.Jl..Eall_llAET?Sé?rg;Lr, Dr. S. BRENNER

°* 7] group Of 3 b ases Code for e R i Laboratory, Cambrides Bi°"7
an aa Wild-type sequence ABCABCABCABCABCABCABCABC’ :::;ON pHE:c:YPE
* non-overlapping i BT SR A E—
° read from a Starting point Supression of FCO ABC JABABCABCABCABCABCABC + - i+
Two base additions ABC JABCABC ABCABCABCABCA + + -
® prObably degenerate Three base additions ABC ABGABG MEE ABCABCABC A i+

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



The Genetic Code — Cont.

" Nirenberg:
* 1961.: Cell free protein synthesis studies
poly U (RNA) = codes for poly Phe
* By 1966 all 64 codons for 20 aa deciphered

ates/1968/

= Khorana:

* 1963-66: synthesized deoxypolynucleotides
— Template for RNA polymerase = RNA polymers

* 1979: Total synthesis of a gene

.org/nobel_prizes/medicine/laure
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= Holley:

* 1965: isolated, sequenced and determined the - £
structure of Ala tRNA :




Double Helix and The Central Dogma

transcription

Pransiation

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

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

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




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

a Cthlty (pdb101.rcsb.org/learn/paper-models/trna) AW@T\’L\C\‘

_ e o
v/
> =1 Anticodon




Chromosomes: History and Function

= “Chromatin” coined, histones identified in 1880s!

Chromatin Structure: A Repeating
Unit of Histones and DNA

. Science 24 May 1974:
Chromatin structure is based on a repeating unit of eight Vol. 184, Issue 4139, pp. 868-871

histone molecules and about 200 DNA base pairs. DOI: 10.1126/science.184.4139.868

https://www.nature.com/scitable/content/Chromatin-history-our-view-from-the-bridge-30352

Roger D. Kornberg

Timeline | History of chromatin 7
The double-helical _/
structure of DNA was The chromatin subunit
proposed by J. Watson & model was proposed Nucleosome crystal Nucleosome
Discovery of Discovery of F. Crick'®, M. Wilkins, Fractionation of oy A. Olins & D. Olins®™ structure determined crystal structure
nucleic acids by | | histones by A. Stokes & H. Wilson'® and histones by and R. Kormnberg™ & to7.0A by determined to 2.8 A
F. Miescher®. A. Kossel®. R. Frankiin & R. Gosling™. E. W. Johns'®. J. Thomas™. T. Richmond et a/."%. oy K. Lugeret al.*.

1944 1973

1974 1975 1984

1953 1964

The term ‘chromatin’ | | Identification of DNA as Association between Electron-microscopic The term 'nuclecsome’ Proposal that ‘Histone code'
was proposed by the 'transforming principle’ histone modifications and | | visualization of chromatin was proposed by epigenetic proposed by

W. Flemming'. by O. Avery, C. MaclLeod chromatin transcription repeating subunit by P. Oudet, information resides T. Jenuwein &
& M. McCarty™®. was shown by V. Alffrey, A. Qling & D. Oling?** M. Gross-Bellard & in histone-tail C. Allis™.
R. Faulkner & A. Mirsky®®. | | and C. Woodcock®'. P. Chambon™®. modifications by

B. Turner®,




Double Helix: The Packing Problem

https://www.nature.com/scitable/content/ne0000/ne0000/ne0000/ne0000/113158606/18847_6.jpg

1
At the simplest level, chromatin
is a double-stranded helical
structure of DNA.

Klug

f
!
2 . My 1 { ] l { !
A YN AN YL
§ ' B " | P W | l) . |’
e 3
<
S —
N =
" “ . 3
‘// ,// ,// \ Vo Each nucleosome consists of
= 1N eight histone proteins around
3 S g\ which the DNA wraps 1.65 times.
DNA is complexed with histones
to form nucleosomes. Nucleosome core of 4
eight histone molecules A -
chromatosome consists
H1 histone of a nucleosome plus the
6 J H1 histone.
... that forms loops averaging
300 nm in length. |¢ I g
11 nm Chromatosome
300 nm ,
' 5
" ‘ \ - The nuclecsomes
! 1, fold up to produce
a 30-nm fiber...
30 nm

250-nm-wide fiber

The 300-nm fibers are
compressed and folded to
produce a 250-nm-wide fiber.

https://www.nobelprize.org/nobel_prizes/chemistry

/laureates/1982/klug_postcard.jpg

: X il Nucleosome
" model (EM data)

Tight coiling of the 250-nm
fiber produces the chromatid
of a chromosome,

www2.mrc-Imb.cam.ac.uk/wordpress/wp-

content/uploads/klug_nobel_research2-

415x520.jpg




Structure of the Nucleosome

= Luger etal., 1997
structure revealed:

Nucleosome core - has 2
copies each of H2A, H2B,
H3 and H4 (octamer) w
145-147 (DNA bps)

* Chromatin structure -2
transcription regulation

Histones collaborate w
transcription factors -
their removal and/or
modification - gene
derepression

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

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



Further Explorations

= Read the MotM on Nucleosomes
(pdb101.rcsb.org/motm/7)

" Visualize and explore the structure of a
nucleosome (PDB entry laoi). 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?




Learning Objectives

" Modeling in 3D

" Modeling the Double Helix

®» Functions of the Double Helix

= Designing with the Double Helix

1952-53 CT TEE Aslf 1975
“Host-induced variation Purification and characteriza- REBASE (Restriction
of bacterial viruses™ " G A A tion of the first Type Il REases Enzyme Database)
first described VIl (Hindll/HindI1l) launched
= -
1965-68 1971-73 1973-74 1975
Biochemical characterization -~ - Mapping of Ce of the first Technique: Restriction Frag-
of the first Type I REases SV40 DNA ly replicating plasmids using EcoRI ment Length Polymorphism
‘ and DNA ligase (the pSC series) (RFLP) analysis
N
1978 1982 1983 1988 1990-PRESENT 1996 2000-PRESENT
Over 100 REases Cloning Cloning of cDNA of Nerve Over 1,000 REases Cloning via PCR amplification Development of Gene disruption and insertion
identified to-date of Pstl Growth Factor precursor identified to-date followed by REase digestion zinc finger nucleases induced by ZFNs and engi-
from human and mouse and ligation (ZFN) neered meganucleases
1978 1983-88 1995 1997 [T 2008
Nobel Prize in Medicine or Physiology awarded to Wemer Arber, Invention and Technique: Amplification Technique: methylation-sensi- Introduction of Golden
Daniel Nathans & Hamilton O. Smith “for the discovery of restriction development of PCR Fragment Length Polymor- tive amplified polymorphism Gate Assembly and its
enzymes and their application to problems of molecular genetics” phism (AFLP) analysis (MSAP) analysis ‘ variants
2009 2009 2011 2012
Phase I clinical trial to remove Introduction of EpiMark 5-hmC and Over 4,000 REases
CCRS5 from autologous Gibson Assembly 5-mC Analysis Kit experimentally
T-cells using ZFNs begins released characterized to-date
= -

2009

Identification of the

DNA recognition code

of TAL effectors

2012
Cas9 enables RNA-
guidcd genome editing

2010-PRESENT

Gene disruption and insertion
induced by TALENSs in model
organisms

https://www.neb.com/~/media/NebUs/Page%20Images/Products/Restriction%20Endonucleases/Molecular%20Cloning%20and%20Beyond/FA_RE_MCBeyond T|e||nerg’7deV|ce modal




Restriction Endonucleases

= Bacterial defense against
viral infection - innate
immunity

® Discovered 1960s

= Cleaves viral (foreign)
DNA at specific locations

= Works with DNA
methylases = modify
host restriction sites to
protect from being
cleaved

Arber

https://www.nobelprize.org/nobel_prizes/medi

cine/laureates/1978/

Smith

TYPES AND ACTIVITIES OF RESTRICTION ENZYMES

Type I
Cleaves DNA at random sites far from its
recognition sequence

Type 11
Cleaves DNA at defined positions close to
or within its recognition sequence

Type IIG

Cleaves outside its recognition sequence with
both REase and MTase enzymatic activities
in the same protein

Type IIP
Cleaves symmetric targets and cleavage sites

Type 1IS
Recognizes asymmetric sequences

Type 111

Cleaves outside its recognition sequence and
require two sequences in opposite orientations
within the same DNA

Type IV
Cleaves modified (e.g., methylated) DNA

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




Restriction Endonucleases: Applications

= Cloning:
* Uses restriction enzymes,
gene of interest and ligases

e Used for recombinant DNA

= DNA mapping:
* Difference in homologous
DNA sequences = DNA
fragments of different

lengths after digestion with
specific REs

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

r—MCS — — MCS |

Fragment A

(PCR amplified o

ealed oligo: )
Dg ested Digested Digested Digested
Fragment A Vector B Vector A Vector B

DNA ligas: DNA ligas:

Assembled —p 3 = )
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11 = = -
DISEASE - —_—
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Probed region

Gel elecirop horesis Southern hlot

https://www.neb.com/~/media/NebUs/Page%20Ilmage
s/Products/Restriction%20Endonucleases/Molecular%

https://www.ncbi.nlm.nih.gov/probe/docs/

techrflp/

20Cloning%20and%20Beyond/FA_RE_MCBeyond_Fi

g2_ClassicCloning.jpg



Double Helix in Restriction Endonuclease
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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?

= [dentify the structures of other restriction
endonucleases (e.g., HindlIl, BamHI) in the PDB and
explore how the enzyme recognizes its cognate
sequences.




Genome Editing

1988 1996 2005 2009-2012 2012 2013 2015
p . < — —
rBoosting of HRin | | Testing of ZFN rGene correction Targeting genome1 (In vitro (Gene regulation Genome editing
yeast by HO in vitro in human cells rearrangements reconstitution of via CRISPRi with Cpf1
endonuclease PR via ZFNs using ZFNs CRISPR-Cas9 and CRISPRa Lzatsche _—
| Rudin and Haber | Umov et al, Brunet et al, LJlnek et al. Glibert et al. T—
Lee, Kim et al. LOI et al.
Lee, Kweon et al. |
(@) [®) (®) @) (@) (@)
1994 2002 2009 2011 2013 2015
Yy . e Y r
Boosting of HR (Drosophila rCracking of Genome editing Human genome ) RNA-guided
and NHEJ in genome edited TALE code in human cells editing using Cas9| | epigenome editing
mouse cells by via ZFNs S using TALENs e
: Mali et al. i ;
meganuclease Moscou and | Miller et al. Cong et al. (Thakore et al.
\Rouet etal. LBiblKova efal. LBogdanove Cho et al.
\Jinek etal. )

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 = protects
microbes against
specific phage
infections.

JA° Genomic CRISPR locus
Maturation and interfer: Adaptatio
tracrRNA cas2 csn2
E—VDDDDI—-OM-

B tracrRNA:crRNA co-maturatio

C  RNA-guided cleavage of target DNA

CRISPR repeat-spac ray

9 co-complex formatiol
RN e lll

pre-crRNA (pre crRNA)
tracrRNA

Target DNA
~___ cleavage

Ly,

https://d2ufo47Irtsv5s.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)

A

(spacer)

crRNA

= DNA sequences and their
functional outputs
editable

" Guide RNA - fuse crRNA
+ tracrRNA (facilitates
DNA cleavage by Cas9 in
vitro)

guide RNA T

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




Double Helix and CRISPR Cas-9

=@
= T/ o y: T
a LA R

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

* [dentify 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)




Desigher 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

rg/motm/119

pdb101.rcsb.o




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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