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revolutions at the turn of the century

opportunities for the 21st century
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RNA can do everything
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RNA - primordial molecule

DNA
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So we accepted that RNA was
probably the first, primitive do-
everything biomolecule.

But proteins came along to
supplant everything and make
the world, evolutionarily, what it
is today. All hail the protein!
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Reality...
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Genome project goals

|dentify and characterize the proteins.
What are their structures?

What do they do!?
How do they interact!?
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21st Century News

Genome project

Number of protein-encoding genes in
the human genome: 25,000

Number of different proteins: »25,000

How?! RNA editing and alternative splicing

Up to 3/4 of all human genes are subject to
alternative editing

The prevalence of alternative editing appears to
increase with an organism’s complexity
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Back in the lab...

With the advent of PCR, nucleic acids have been
recognized as extremely powerful combinatorial
tools in the test tube

Aptamers can be selected that bind to
“your favorite molecule”

Can create riboswitches

Ron Breaker:
“if it’s so easy for us, I'll bet nature exploits this”
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More gene regulation

regulatory olym erase
proteins
EQQ DNA
regulator
8 y promoter
elements

irotein Sei m RNA

5’ untranslated

region (5’-UTR) *

Ron: search for genes with no known protein regulator Protein
and which have a highly conserved 5’ UTR

Does RNA from that conserved 5’ UTR bind the product

or substrate of the encoded enzyme? 2004

One week: a Nature paper!



Project Encode (2007)

(More) rewriting of textbooks

June 2007, published in Nature
w  Some regions of DNA far from protein-coding genes
(extreme “junk?”) are nevertheless highly conserved

w  Most of both strands of the DNA is transcribed (far
beyond that required for protein-coding genes)
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Large Macromolecular
Complexes



Ribosome

th protein cofactors
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http://people.chem.umass.edu/cmartin/Jmol/Ribosome/1kqs.html
http://people.chem.umass.edu/cmartin/Jmol/Ribosome/1kqs.html
http://people.chem.umass.edu/cmartin/Jmol/Ribosome/1kqs.html
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The DNA Duplex

What stabilizes the duplex?

What directs duplex structure!



Which is more stable?

(which has a higher melting temperature?)

ACCGCCACCGAAG
TGGCGGTGGCTTC

or

ACCGCCACCGAAG
TGGCGGTGGCTTA



Which is more stable?

(which has a higher melting temperature?)

ACCGCCACCGAAG
TGGCGGTGGCTTC
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or
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Which is more stable?

(which has a higher melting temperature?)

ACCGCCACCGAAG

51.6° C
TGGCGGTGGCTTC
or
ACCGCCACCGAAG
52.5°C
TGGCGGTGGCTTA

Calculations from http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/



http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/
http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/
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What forces are important?
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What forces are important?
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Base Pairing

(Donors matched to Acceptors)

Good base pairing
Watson-Crick facing
but Anti-Watson-Crick orientation
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How important are H-bonds in DNA?

J. Am. Chem. Soc., Vol. 117, No. 7, 1995 1867

o) CH3

Table 1. Free Energies and Melting Temperatures for Dodecamer
Duplexes Containing a Variable T—X, F-X, B~X, or D—X Base

'H N
H3C o H=N \j HeG o H=N \ Pair (X = A, T, C, G) .
/ / \ N duplex Tm (°C) ~AGP,; (Keal)
*N-H N\_ R / )" N,
—1 TTTYTTCTT

N N-H o R S-GARAAGARAGAA %04 123
f N SSUIIGQUsH e
R Ad
R O sSOnguen W 03
T-A T-7T sSUQue o e
F CH SGAAAAGAAAGA A 214 74
HaC F HaC Y EAAAAGEAAGAR 250 8.2
3 \ SCTTTT TTCTT 23.0 8.0
H.C F H 3.GAAAAGGAAGAA ! :
N 3 SCTYTTT TTCTT 202 73
H H . 3GAAAAGTJAAGAA - -
R H F R 5‘CTTTT TCTT 21.0 75
R 3-GAAAAGAAAGAA . :
PR R SN m e
F-D F SIS w0 e
he -
S GAAAAGTAAGAA 203 67
SIS e
HiC,  CHa HC A CHa  HiG SUNEUE  me 7e
SSUNBUST e
H H Mo SIIES e e
@ Conditions: 100 mM NaCl, 10 mM MgCl,, 10 mM Na - PIPES,
pH 7.0, 1.6 uM each strand.

R TeHy HsC CH; H,C
37
B-D B-B


http://pubs.acs.org/cgi-bin/archive.cgi/jacsat/1995/117/i07/pdf/ja00112a001.pdf?isMac=296051
http://pubs.acs.org/cgi-bin/archive.cgi/jacsat/1995/117/i07/pdf/ja00112a001.pdf?isMac=296051
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pH 7.0, 1.6 uM each strand.
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J. Am. Chem. Soc., Vol. 117, No. 7, 1995 1867

Table 1. Free Energies and Melting Temperatures for Dodecamer
Duplexes Containing a Variable T—X, F—X, B—~X, or D—X Base
Pair (X =A, T, C, G)

duplex Ta(°C)® +AG,5 (Keal)
SCTTTTCTINTICTT ’ X
3.GAAAAGAKAGAA o4 o
S.CTTTTTTTCTT
3.GAAAAQCAAGAA 264 8.7
SCTTTTATTTCTT
3.GAAAAQGAAGAA 30.7 8.3
S.CTTTTATTTCTT
3.-GAAAAQTAAGAA 274 8.9
SCTTTTCFTTCTT
3-GAAAAGAAAGAA 214 7.4
SCTTTTARATTCTT
3.GAAAAGCAAGAA 250 8.2
S.CTTTTARATTCTT
3-GAAAAGQGAAGAA 23.0 8.0
SCYTTTORTTCTT
7GAAAAGQTIAAGAA 202 73
S-CTTTTCBITTCTT
S CARAAGRAAGAR 21.0 75
SCTTTTCBITTCTT
S CAAAACCRACAA 229 78
SCTTTTCEITTCTT
GAAAAGGRAGAA 201 78
SCTTTTCBYTCTT
3.GAAAAGTAAGAA 203 6.7
S.CTTTTCOITTCTT
3.GAAAAGAKAGAA 208 7.4
S-CTTTTCOTTCTT
3-GAAAAGCAAGAA 222 7.6
S-CTTTTCOTTCTT
S OAAAAGOAAGAA 19.7 14
5.CTTTTCOITTCTT
3-GAAAAGTAAGAA 17.6 6.9

@ Conditions: 100 mM NaCl, 10 mM MgCl,, 10 mM Na - PIPES,
pH 7.0, 1.6 uM each strand.

37
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Table 1. Free Energies and Melting Temperatures for Dodecamer
Duplexes Containing a Variable T—X, F—X, B~X, or D—X Base
Pair (X = A, T, C, G)

duplex Ta(°C)® +AG,5 (Keal)
SCTTTTCTINTICTT y 12.
3-GAAAAGAKAGAA o4 8
S.CTTTTTTTCTT
3.GAAAAQCAAGAA 264 8.7
SCTTTTATTTCTT
3.GAAAAQGAAGAA 30.7 8.3
S.CTTTTYTTTCTT
3.GAAAAQTJAAGAA 211 8.9
SCTTTTCFITTCTT
3-GAAAAGAAAGAA 214 7.4
SCTTTTORATTCTT
3.GAAAAGCAAGAA 250 8.2
S.CTTTTQRTTCTT
3-GAAAAGQGAAGAA 23.0 8.0
SCTTTTGRTTCTT
7GAAAAGQTIAAGAA 202 73
S-CTTTTCBITTCTT
3:GAAAAGAAAGAA 21.0 75
SCTTTTCBITTCTT
S EAAAAGCAACAA 229 78
S.CTTTTCEITTCTT
GAAAAGGRAGAA 201 78
SCTTTTCBITTCTT
3.GAAAAGTAAGAA 203 6.7
S-CTTTTCOITTCTT
3-GAAAAGARAGAA 208 74
S.CTTTTCOTTCTT
3-GAAAAGCAAGAA 222 7.6
SCTTTTCOTTCTT
S OAAAAGOAAGAA 19.7 14
5.CTTTTCOITTCTT
3-GAAAAGTAAGAA 17.6 6.9

@ Conditions: 100 mM NaCl, 10 mM MgCl,, 10 mM Na - PIPES,
pH 7.0, 1.6 uM each strand.
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How important are H-bonds in DNA?

g ]
HiC O H=N Na
— \=y P

HaC CHy HsC N
H H N,

R TeHs HiC
B-D +3.5

0

CHs

+3.4

fasies)

CH,

H,C

+3.0

J. Am. Chem. Soc., Vol. 117, No. 7, 1995 1867

Table 1. Free Energies and Melting Temperatures for Dodecamer
Duplexes Containing a Variable T—X, F—X, B~X, or D—X Base
Pair (X = A, T, C, G)

duplex Ta(°C)® +AG,5 (Keal)
SCTTTTCTINTICTT y 12.
3-GAAAAGAKAGAA o4 8
S.CTTTTTTTCTT
3.GAAAAQCAAGAA 264 8.7
SCTTTTATTTCTT
3.GAAAAQGAAGAA 30.7 8.3
S.CTTTTYTTTCTT
3.GAAAAQTJAAGAA 211 8.9
SCTTTTCFITTCTT
3-GAAAAGAAAGAA 214 7.4
SCTTTTORATTCTT
3.GAAAAGCAAGAA 250 8.2
S.CTTTTQRTTCTT
3-GAAAAGQGAAGAA 23.0 8.0
SCTTTTGRTTCTT
7GAAAAGQTIAAGAA 202 73
S-CTTTTCBITTCTT
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SCTTTTCBITTCTT
3.GAAAAGTAAGAA 203 6.7
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3-GAAAAGTAAGAA 17.6 6.9

@ Conditions: 100 mM NaCl, 10 mM MgCl,, 10 mM Na - PIPES,
pH 7.0, 1.6 uM each strand.

37


http://pubs.acs.org/cgi-bin/archive.cgi/jacsat/1995/117/i07/pdf/ja00112a001.pdf?isMac=296051
http://pubs.acs.org/cgi-bin/archive.cgi/jacsat/1995/117/i07/pdf/ja00112a001.pdf?isMac=296051

Burial of hydrophobic surface drives helix formation
(hydrophobic core / stacking interactions)
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Burial of hydrophobic surface drives helix formation
(hydrophobic core / stacking interactions)
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Flat faces are nonpolar
Edges are very polar (can H-bond)



Other chemical constraints
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Furanose Sugar Ring

Hb2' o3’
Hb2'
01}
Base
Ha2'
Staggered H3'
Puckered Eclipsed

Planar



Furanose Sugar Ring
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Letters to Nature Hoogsteen vindicated

Nature 430, 377-380 (15 July 2004) | doi: 10.1038/nature02692

Replication by human DNA polymerase-. occurs by
Hoogsteen base-pairing

Deepak T. Nairi, Robert E. JohnsonZ, Satya Prakash<, Louise Prakash<
and Aneel K. Aggarwall

A crystal structure from from July 2004
shows that an error correcting (and
error-prone) DNA polymerase uses
Hoogsteen-WC base pairing to
recognize the incoming substrate dNTP.

This supports biochemical studies that
had been suggesting such a pairing.

This polymerase is good at bypassing
lesions in the DNA (eg, damaged
Watson-Crick face of G).
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Letters to Nature Hoogsteen vindicated

Nature 430, 377-380 (15 July 2004) | doi: 10.1038/nature02692

Replication by human DNA polymerase-. occurs by But... perhaps hot...
Hoogsteen base-pairing

Deepak T. Nairi, Robert E. JohnsonZ, Satya Prakash<, Louise Prakash<
and Aneel K. Aggarwall

A crystal structure from from July 2004
shows that an error correcting (and
error-prone) DNA polymerase uses
Hoogsteen-WC base pairing to
recognize the incoming substrate dNTP.

This supports biochemical studies that
had been suggesting such a pairing.

This polymerase is good at bypassing
lesions in the DNA (eg, damaged
Watson-Crick face of G).
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Why is Watson-Crick so good?

All four WC base pairs
are

isosteric
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Why is Watson-Crick so good?

Sugar

All four WC base pairs
are

isosteric
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FIGURE 7. Examples of DNA base replacements designed to form
stable pairs and/or to be replicated selectively by DNA polymerase
enzymes. 17324495455
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Why a helix?
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Why a helix?
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Why major and minor grooves?
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Why major and minor grooves?
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Why major and minor grooves?
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Why major and minor grooves?
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Why is the major groove so good?

Major Groove
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Why is the major groove so good?
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Why is the major groove so good?

Major Groove
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B-form DNA

B-form
Minor
Rgsidues per tur.n =10 Maijor groove
Twist per base pair = 36° groove
Rise per pair = 3.4A . -
c2’-endo g ]

Minor groove width = 5.7A
Major groove width = 11.7A

Minor groove depth = 7.5A
Major groove depth = 8.8A




Residues per turn =10
Twist per base pair = 36°

/36°

Rise per pair = 3.4A
c2’-endo

Minor groove width = 5.7A
Major groove width = 11.7A

Minor groove depth = 7.5A
Major groove depth = 8.8A

B-form DNA

Rise
per pair

o
E. A

1ll/

Residues per turn




Residues per turn =11
Twist per base pair = 33°
Rise per pair = 2.9A
c3’-endo

Minor groove width = 11A
Major groove width = 2.7A

Minor groove depth = 2.8A
Major groove depth = 13.5A

A-form RNA

Major
groove




Residues per turn =11
Twist per base pair = 33°

/ 33°

Rise per pair = 2.9A
c3’-endo

Minor groove width = 11A
Major groove width = 2.7A

Minor groove depth = 2.8A
Major groove depth = 13.5A

A-form RNA

Residues per turn




Compare

C3 ex

A-form (RNA) B-form (DNA)
Minor groove width = 11A Minor groove width = 5.7A
Maijor groove width = 2.7A Major groove width = 11.7A
Minor groove depth = 2.8A Minor groove depth = 7.5A
Major groove depth = 13.5A Major groove depth = 8.8A

groove




Residues per turn =12
Twist per base pair=-9/-51°

Rise per pair = 3.7A
c3’-endo(syn) / c2’-endo

Minor groove width = 2.0A
Major groove width = 8.8A

Minor groove depth = 13.8A
Major groove depth = 3.7A

groove




Ends of DNA duplexes

“Blunt” ends
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Protein - Nucleic Acid Interactions
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Protein - Nucleic Acid Interactions
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Nucleic Acid “Triples / Platforms”
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Winged Helix DNA Binding Domain

Classic helix-turn-helix
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Winged Helix DNA Binding Domain

Classic helix-turn-helix
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Hrfx1 bound to its X-box binding site
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Simple Structure - Hairpin
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Classic Structure - Pseudoknot
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Hammerhead Ribozyme
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AMP Aptamer
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Ribosome - Secondary Structure

Science 289(5481), 905 - 920, 2000

The Complete Atomic Structure of the Large Ribosomal Subunit at 2.4 A Resolution
Ban, Nissen, Hansen, Moore, & Steitz

Secondary Structure: large subunit ribosomal RNA - 3’ half
Secondary Structure: large subunit ribosomal RNA - 5" half
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http://www.sciencemag.org/cgi/content/full/289/5481/905
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PNAS 98(9), 4899-4903, 2001 RNA tertiary interactions in the large
ribosomal subunit: The A-minor motif

Nissen, Ippolito, Ban, Moore, & Steitz

The Ribosome: a wealth of RNA structure
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PNAS 98(9), 4899-4903, 2001
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PNAS 98(9), 4899-4903, 2001
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Structural Motifs

Nucleic Acids Research, 2009, Vol. 37, No. 4 €29

Tetraloop m-turn Q-turn

(d)

S2-motif E-loop kink-turn
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Where to from here? Modular Construction

A

Modules Protocol

Functional @ @ @ Fusion of
Double-stranded

Stems
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Which is more stable?

(which has a higher melting temperature?)

ACCGCCACCGAAG
TGGCGGTGGCTTC

or

ACCGCCACCGAAG
TGGCGGTGGCTTA



Which is more stable?

(which has a higher melting temperature?)

ACCGCCACCGAAG
TGGCGGTGGCTTC

51.6° C

or

ACCGCCACCGAAG
TGGCGGTGGCTTA



Which is more stable?

(which has a higher melting temperature?)

ACCGCCACCGAAG

51.6° C
TGGCGGTGGCTTC
or
ACCGCCACCGAAG
52.5°C
TGGCGGTGGCTTA

Calculations from http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/



http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/
http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/

