Biological Building Blocks

monomer —_— macromolecule

v Amino acids —— Proteins

‘ Nucleotides reamere. Nucleic acids
Fatty acids e Lipids

\/ Monosaccharides——— Polysaccharides

A limited number of different monomeric building
blocks are used to build a wide variety of
different macromolecules
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Precursors Monomeric units polymeric units: 1°

*Enzymes catglyze the synthes?s of  polymeric units: 2°
the complex biomolecules required
for the assembly and function of cells

and organisms polymeric units: 3°

*The primary sequence of enzymes
determines their structure and
function

polymeric units: 4°

*\What determines the primary sequence of a protein?

*How are cells faithfully and accurately duplicated?
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Nucleic acids: the molecular repositories

for genetic information
Functions:
(1)Define the primary sequence of proteins, direct
and accomplish protein synthesis
(2)Store, express, propagate genetic information

Nucleotides are the building blocks of nucleic acids

Other functions for nucleotides:

*Carriers of chemical energy (ATP)

*Components of enzyme cofactors

*Signalling molecules, cellular communication
*Components of metabolic intermediates
*Modulate enzyme activity- covalent and allosteric
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An overview of nucleic acids

* DNA: deoxyribonucleic acid- the hereditary
molecule in all cellular life forms. The storage of
information is DNA'’s only known function

* Genes: segments of DNA that contain the
information required for the synthesis of a
functional biological product (protein, RNA)

Publication of
DMA structure

50th Anniversary
1953-2003
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An overview of nucleic acids

* RNA- ribonucleic acid:

—ribosomal RNA (rRNA): structural and functional
component of ribosomes, the large complexes that
carry out protein synthesis

— Messenger RNA (mMRNA): specify primary structure
of proteins; carry information from one or more
genes to ribosome

— Transfer RNA (tRNA): transfer information in mRNA
into specific sequence of amino acids

—“genomic” RNA: RNA viruses

— Special function RNAs: enzymes (ribozymes),
SNRNA, RNA processing
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Overview of flow of genetic information

DNA (genes) (A, C, G, T)
\

eplication | transcription

rRNA, tRNA, snRNA

MRNA (AUG-ACA-AAG...)

translation

Protein (Met-Thr-Lys...)

Post-translation
processing

Enzymes, mature proteins

S. Ensign, Chem. 5700

Nucleic acids

Nucleotides

T

(1) base (2) pentose sugar (3) phosphate

S. Ensign, Chem. 5700

Parent compounds for nitrogenous bases

H H
C Z 6\ /N
1TTQ/4\50H 1711 5(”3 75}\CH
| 2 4
HCZ_ , °CH HC\B/Cxﬁ/
N H
Pyrimidine Purine
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|. Nitrogenous bases

PYRIMIDINES
H
L ﬁf X
H/“\\,L/\H N/\H
Pyrimidine Cy‘tosme Uracil Thym]ne

RNA only  DNA only
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Some modified nucleotide bases

NH,
N )j/CH3
?l

)\N

H

o)

5-methylcytosine

0

/L >

CH, —N
H

N2-methylguanine

CH3

L)i\>

N6é-methyladenine

NH,

CH,OH
= 2
N 5

L

H

0]

5-hydroxymethylcytosine .
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Some modified nucleotide bases

0]
N
>
N
H
Inosine
(0] CH, S
7
HN 2N HN"4
o LD |
HN" N7 N 0~ °N
H H
7-methylguanine 4-thiouracil

(b) 11
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ll. Pentose sugar

C=0
H—(|J—OH
H—(|3—OH
H—(|3—OH

(|3H20H

Aldehyde

—_—

OH

(':H2 O OH
H H

H H
OH OH

B-Furanose

S. Ensign, Chem. 5700
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H
5 E/H
M OH
HO 0
4' 1!
H H
H
3’ z'H
HO OH
Ribose
H
SE,/H
= OH
HO o
4 H HA
H H
3! 2
HO H

Deoxyribose

13
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Reactive hydroxyl groups: esterify
H or form glycosidic bond

(|3=O (l)H O-glycosidic bond
| C O
H O-R
I—I—(ll—OH - i OR
H—C—OH OH OH
CH,OH
Aldehyde B-Furanose

(a) | 4

Reactive hydroxyl groups: esterify
H or form glycosidic bond

(ljzo (|)H N-glycosidic bond
| C O -
H N-R
N
H—(lj—OH H H N-R
H—C—0H OH OH
CH,OH
Aldehyde B-Furanose

(a) _ 15

Nitrogenous base + ribose = nucleoside
NH,

N
B-Glycosidic linkage ( 2 N
N
d GJ

\ Point of attachment
H to purines is NO.
Point of attachment

HO OH to pyrimidines is N1

16

HO 0
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Naming nucleosides

Adenine + ribose = adenosine

Adenine + deoxyribose = deoxyadenosine
guanine + ribose = guanosine

cytosine + ribose = cytidine

thymine + deoxyribose = thymidine

Uracil + ribose = uridine

17
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lll. Phosphate ester

Note multiple sites for phosphate esterification
Monophosphate

Diphosphate

Triphosphate

Cyclic monophosphate

18
S. Ensign, Chem. 5700

Nucleoside + phosphate = nucleotide

Purine or
pyrimidine
base
(l)_
Phosphate _O—llT—
O | Pentose

3 2!
OH OH
(a)

19
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3’-deoxyguanosinemonophosphate

0
N. il
= =
{ ."‘."I} N
0 NH
HO—5 MERN
(9] ' N.:;:::\
o NH,
3 2
H
o)
B
P,‘:ﬂ- 2
h
0o
3 -dGMP

20
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5’-adenosinetriphosphate

When point of attachment is the 5’ hydroxyl,
the “5™ can be left off when naming

NH, 0 o NH,
CHy
0 0 =0 )
L\N N H,,NJ\ N OJ\N (g ||
(4] !’.Il (IJ ?
O—P—0—CH, 0. u_h:_n—cn 0 n_h:—o—cn. 0 n—ﬁ—n—cﬂ 0.
4] H H [¥] H H Y] H H 4] H H
H H H H H
OH H OH H OH H OH H
Diesxcyndenyl Deoxyguanylate Deoxythymidylate Deoxyeytidylate
idesxyadenosine {deoxyguanosing

(deaxythymidine
&'-moenophosphate)

T, dT, dTMP

Deaxythymidine

{deoxyeytidine
&'-monophosphate)

C, dC, dCMP

Deoxyeytidine

&'-monophosphate)
A, dA, dAMP

Deoxyadenosine

5 -monophosphate
G, dG, dGMP

Desxygunnosine

Symbals:

Nucleoside:

{a) Deoxyribonueleotides

5'-ATP
21 22
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Some more nucleoside monophosphates
. . y
When point of attachment is the 5’ hydroxyl, e
111 =g 111 .
the “5” can be left off when naming ]
(I) | Adenine
“0—P—0—CH,
N, 0 o NH, [ " v
N)IN HN N HN N)j O
L"N h> H,.NJ‘N N} G’LN D)\N i <-H
0 0 0 o OH OH
0—P—0—CH, O 0—P—0—CH, 0 0—FP—0—CH,_O. 0—P—0—CH, 0 . .
4 Z 2 3 = 4 = 3 = Adenosine 5'-monophosphate Adenosine 2'-monophosphate
H H H H H H H
OH OH H OH OH OH OH OH - ) -
Nucleotide: Adenylate (adenosine Guanylate (guanosine Uridylate (uridine Cytidylate (cytidine Adenlne. Ademne
G'-monophosphate ) G -monophosphate) B'-monophosphate ) 5'-monophosphate)
Symbols: A, AMP G, GMP U, UMP C, CMP
Nucleoside: Adenosine Guanosine Uridine Cytidine
ib) Ribonucleotides
. Ad ine 2',3"-¢ycli
»s Adenosine 3'-monophosphate ?rl:(:)tsl.::;;losi)h;t): i o
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Nucleotide and Nucleic Acid Nomenclature

Base Nucleoside* Mucleotide* Mucleic acid
Purines
Adenine Adenosine Adenylate RNA
Deoxyadenosine Deoxyadenylate DNA
Guanine Guanosine Guanylate RNA
Deoxyguanosine Deoxyguanylate DNA
Pyrimidines
Cytosine Cytidine Cytidylate RNA
Deoxycytidine Deoxycytidylate DNA
Thymine Thymidine or Thymidylate or DNA
deoxythymidine deoxythymidylate
Uracil Uridine Uridylate RNA

*Nucleoside and nucleotide are generic terms that include both ribo- and deoxyribo- forms. Note
that here ribonucleosides and ribonuclectides are designated simply as nucleosides and nucle-
otides (e.g., riboadenosine as adenosine), and deoxyribonucleosides and deoxyribonucleotides as
deoxynucleosides and deoxynucleotides (e.g., deoxyriboadenosine as deoxyadenosine). Both
forms of naming are acceptable, but the shortened names are more commonly used. Thymine is
an exception; the name ribothymidine is used to describe its unusual occurrence in RNA.

Base Base Nucleoside Nucleotide®
Formula X=H X =ribose* X =ribose phosphate*
NH,
N Adenine Adenosine Adenylic acid
NF I \> Ade Ado Adenosine monophosphate
e A A AMP
N N
|
X
o
H\N N Guanine Guanosine Guanylic acid
J\ | \> Gua Guo Guanosine monophosphate
HN \N T G G GMP
X
NH,
N Cytosine  Cytidine Cyridylic acid
A | oyt Cyd Cytidine monophosphate
07 TN (o] [ CMP
|
X
a
N
N ‘ Uracil Uridine Uridylic acid
,J\ Ura Und Urdine monophosphate
7 '!‘ u u UMP
X
(o]
H\N CH,
&L | Thymine  Deoaythymidi Deoxythymidylic acid
07 N Thy dThd Deoxythymiding menophosphate
| T ar dTMP
ax
*Th of a2'-d il unitin in DNA, isimplied ‘deoxy” or

“d." For example, th f adenine is de dA. However, for th ng
residues, which rarely occur in RNA, the prefix is redundant and may be dropped. The presence of a ribose unit

| 25 T S T | 2
pdap pdcpdcpda  Polynucleotides
.i. « Phosphodiester bonds
) %y Same orientation
Fhosphedinster ?. i e 7 ]
S e v, *95endand3 end A C G T
NV N Polyanion, pH 7
e ol T 5' End 3' End
Y, \,. -+ Naming:5 >3
R G IR & | & & on
| ‘IMI :IIH;I ) 3 H
iy " [PUPGPCPCpA
R4 R
;‘: : L 27 28

¥ Enil
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RNA is less stable than DNA

0—P=0

23" -Cyelic CE—:-’O\\B“H'" H0 .\Ilixl.un' of 2'- and
monophosphate H H A * 3'-monophosphate
derivative HN H derivatives
Q ]
.\P /(
™
OH O (8]
+
0 (l)H
O "H, 0
CH \\Ilh IL"H;/ . | Base
H H H H
H H I/ H
| |
(8] OH (l) OH
0—P=0 ()—I|‘=(J
0 (l")
CHy O | Base CHy 0. Base
Lo R s
NH H /1 N H H
H HN /' H
cln OH ? OH
0—P=0 Shortened 0—P=0
RNA | RNA | 29
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DNA structure

* The linear sequence of nucleotides in a
strand is the primary structure of DNA

« What about higher order structure? (2°, 3°,
4°77)

S. Ensign, Chem. 5700
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Chargaff’s rules

* DNA base composition differs from one species to
another

* DNA base composition is identical in different
individuals and different tissues of same species

* DNA base composition does not change with age,
nutritional status, or changing environment

* Quantitation of base composition:

Species %A %G %C %T

A=T
man 30.9 199 19.8 294

G=C
Wheat 27.3 22.7 22.8 27.1 . —
¥ purines = X pyrimidines
Virus 26.0 24.0 24.0 26.0

31
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DNA structure
Satisfy Chargaff's rules (A=T, G=C)
Build on primary structure (linear
polynucleotide, 5" - 3’)

Franklin and Wilkins: x-ray diffraction
patterns: periodicities of 3.4 and 36 A

A mechanism for rapid duplication?
Watson and Crick: molecular models

S. Ensign, Chem. 5700
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| The
1 Double
lelix

““LIVELY, WHOLLY BRASH, FULL OF
SHARP AND SUDDEN OPINION,
OFTEN AT THE EDGE OF SCANDAL
+++«SHOULD KILL THE MYTH THAT
GREAT SCIENCE MUST BE COLD,
IMPERSONAL OR DETACHED"
—LIFE MAGAZINE

This Is a book by a scienlist aboul scientisis—and the
e story of one of the key distoveries of the century,
iruciure of DNA, the heredity molecule. Even more
ting, perhaps. it is the superbly human tale of

how a very unusual 23-year-old American saw his
chance for scientific immaortality and promptly set out
to seize it,

S. Ensign, Chem. 5700

RAFE phatograph by Frits Ge o, #Time Ine.,

SISE L L BEURL

§
:
]
3
H
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Watson-Crick DNA double helix (B-DNA)

 Two helical chains, coiled
about same axis. Right
handed double helix

» Hydrophilic backbones of
sugars and phosphates
outside, hydrophobic bases
inside

« Right handed helical
staircase: rails are 2 anti Il
phosphate-sugar chains,
rungs are purine and
pyrimidine base pairs




Base pairing in DNA:
A pairs with T, and G pairs with C

The two DNA strands (chains) are
complimentary, not identical

o8 R FH:{ S FH:{
3 v o A 0, .
H\rfrH .n«- '\\F/L\a'/}{ Thymi H\| o '\\F/L\\F'/H Thymi
307 _N I mine 307 _N ! mine
H—(//l ‘.I;II: C%;\.; W \.!,T"‘ h‘\(._,_] H_C//N“.I;I:" Sy o H \Iqi‘."h\(._._].
e~ Adenine N—C : 0 = Adenine Yol | o 0
Ad (‘/1:\ \N¢C\H Ad (_‘/1:\ N’C\H
=) .-"“ H =) .-"“ H
W H N\ .’é W H N\ .’é
. a0 f %,C/H Cytosine i a0 (" %.C/H Cytosine
»= (Guanine H_C// \H'f:.l:/ \?F’“ 8 \#:’N\C-l »= (Guanine H_C// Ef,l 3 \?.\"H 8 \#:’N\(‘.-]
WO b w0 WO b w0
C-/l"“ N N g C-/l"“ N ,N"H..\ '
& H ' K HT
/ il / L @/Qqﬁ . i
P N @@ | The two strands are anti Il
3’ 5 3 5
(@) & H~
H *C-G and A-T base pairs
| : B CH, NZ CHy
gt are superimposable. N | |
N - *Drawing the correct base J\ T J\
~ /7 N\ . . D o >N H o” >~ "H
/ N pairs required predicting the | |
. N-H >/N\ correct tautomeric forms R R
= .0 used by DNA Thymine 1 Thlymti'nef )
Nf-H- 2 H-bonds in A-T; 3 H- (keto or lactam form) (enol or lactim form
H .
Guanine Cytosine bonds in G-C o ®) 0 S50
*The double helix will -
H, CHs . Py N N7 N
N-H-----0 accommodate purine- N | \}H | \}H
N . - T _
= rmidine or pyrimidine- /K J%
( 7\ N 3 Eﬁrine i HNT S HNT S
/N /J/N" >,/N R R
N— 4 N Guanine Guanine
Kiembe Thymine 39 (keto or lactam form) (enol or lactim form) 20
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DNA structure
Two periodicities:
— 3.4 A base-base distance
— 36 A per one turn of helix

(pitch)

Each base pair is rotated
34° relative to previous
base pair
10.5 bp/turn

Distance between strands
is a constant 20 A

e B fes od _ 41 _ 42
DNA structure DNA structure: the major and minor grooves
(£t
« Each base pair is rotated A,
34’ relative to previous i ﬁ“:.‘:“;&”
base pair Ea .
. . asymmetric attackment to
) Successlve StaCkIng Of sugar-phosphate backbone
base pairs forms “grooves” -
« Asymmetry of base pairs =
results in a major groove T Seemd N
. & H Swgar phosphate
a.nd a minor groove MINOr groove  <var phosphate mHinor groove
° 60 base tilt to heIiX aXiS MADENINE : THYMINE GUANINE : CYTOSINE
Note lines connecting C1’ carbon of one nucleotide, helix
axis, and C1’ of the paired nucleotide
43 44
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No asymmetry in base pairs:

ar

(a)

groove [ V4
L\

B R

\.

ooves are identical

(b)

groove £
_?ﬁ D Y > |
-, -'(”5 =v
N} groove | -
' p
A
| groove

I GARLAND PUBLISHING INC
Taghr & Franiis Graap

45
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Asymmetry in base pairs

A& p

major ’ 1
grogve - nnajar minor
qrogve

< groove
"4"--. .
,? L {
}-* J = : \:'_. x

Y
- -
F‘ nrior F <
\E} Ty groave b

B-DNA B-DNA

46
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The inside of the helix is a solid core

48
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Forces that stabilize DNA double helix

» Base stacking (inside): dipole-dipole,
VDW, and hydrophobic effect

e H-bonding (inside): A-T and G-C

* lonic interactions (outside): positively
charged counterion(s)

» H-bonding (outside): sugar, phosphate,
water

* Protein-nucleic acid interactions

Conformational subtleties

» Base tilt
e Sugar pucker
* N-glycosidic bond orientation

See kinemage exercise 12A, Exploring
Molecular Structure

S ign, Ch 00 * S ign, Ch 00 %
o Sugar pucker: C2-endo in B-DNA
Torsion angles
(bonds) in a
- )y nucleotide unit " @
To base
7 Nucleotide de, — 0\‘04
unit >-3" endo
‘o = Zi'_‘_::fo
o// andu I'-,I II". 'J}ia e | \‘\ ' Base
Q= 3?222:;;'.‘.075"""" \ o
T C-3' exo g .-_-_-_'_':_':.'_'.'_.--- .
C-2" exo OZ
‘ 51 52
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Ramifications of sugar
pucker on DNA
structure. Note the
difference in distance
between C3'-
Phosphate and C5'-
Phosphate with the
two different sugar
puckers

53
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N-glycosidic bond orientation

OH OH

syn-Adenosine

OH OH
anti-Adenosine
(b)

Always anti in B- and A-DNA

OH OH
anti-Cytidine

54
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Summary of DNA structure

property B-DNA
Helical sense |Right handed
Diameter 20 A

Bp/turn 10.5

Helix twist/bp | 34°

Pitch 36 A

Base tilt 6

Major groove |Wide, deep
Minor groove | Narrow, deep
Sugar pucker |C2-endo
Glyco. bond Anti

Helix rise/lbp  |3.4 A

S. Ensign, Chem. 5700

Other DNA structures form under certain circumstances

® . A-DNA: the first form
% studied structurally
8 . Forms under

we dehydrated
conditions

@ Axial hole: bp offset
# - C3’-endo sugar
¥ pucker

Z form 56
S. Ensign, Chem. 5700

A form




Asymmetry in base pairs: axial hole in A-DNA

maor (] ) . t\\ . ' Y
groove major L ninor ] ;
N gmaw’|: 9 :| griave maior ’hb
J‘H‘ “. «‘\.« ( groove
A & by
) ¥ . g s —= R
' - _ minor [ % J‘ «& I \-,,_
) Q) groove ; @ " &
s ! W
B-DNA B-DNA A-DNA

57
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Other DNA structures form under certain circumstances

L-handed double
helix

- High salt

alternating purine-
pyrimidine repeating
g unit

i+ base pairs flipped

£ Zig-zag backbone

Z form 59
S. Ensign, Chem. 5700

A form

Comparison of DNA structures (don’'t memorize A-
and Z-parameters!!

property B-DNA A-DNA Z-DNA
Helical sense |Right handed |Right handed |Left handed
Diameter 20 A 26 A 18 A
Bp/turn 10.5 11 12
Helix twist/bp |34° 33° 30°
Pitch 36 A 28 A 45 A
Base tilt 6° 20° 7
Major groove |Wide, deep Narrow, deep |flat
Minor groove | Narrow, deep |Wide, shallow | Narrow, deep
Sugar pucker |C2’-endo C3’-endo oo e
Glyco. bond | Anti Anti o g
Helix rise/bp  [3.4 A 2.6 A 3.7A

S. Ensign, Chem. 5700
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It has not oscaped our notice that the spooific -
puiring we have postulated immediately suggests a >
possible copying mechanism for the genetio r_r-mteml.. 74 )

- <"

E- B0

Parent Daughter Parent
strand strands strand

. hg= ¥ : =
2

\ 2

61
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Nucleic acid structure

Linear sequence of nucleotides in a strand is 1°
structure

The DNA double helix is 2° structure
2° structure is the highest order of DNA structure

DNA almost always exists as double stranded double
helix

DNA-RNA hybrids form a double helix of “A” type
RNA double helices have the “A” conformation
RNA can form other types of 2° structure

RNA can in some instances form 3° structure (tRNA,
rRNA, snRNA)

62
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Palindromic sequences: inverted repetition of base sequence with
two-fold symmetry occurring over two strands of DNA
Palindrome

(R

TTAGCACGTGCTAA
W i il | i i

. .
AATCGTGCACGATT

Mirror repeat

W o TTAGCACCACGATT

Lt 4 8 1 0 1 J 00 02 J 71 /1
AATCGTGGTGCTAA =

Self complimentarity within a single strand of DNA separated
from its palindromic partner

TGCGATACTCATCGCA

l

5 —TTT TIT 8

> _O
;.q

_Sean>-
(mooass S
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Formation of a cruciform between two strands having a palindrome

: ACTCA'
5 € TGCGAT ATCGCA

| N 16 LITTTT T
8 KCGCTATGAGTAGOGT

l
.C e

T > 3
e

>

HaaoE—
Edelrlalod

| -
5' < T—> 3

;,’. 1B i

E0QaR
HEQ a4

=
D’Q

Cruciform 65
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A triple helix can form under some circumstances
5'==-GGACAGGTCTCTCTCTCTCTCTC-T

CCTEETETETTTETETTTTETT ey

3'---CCTGTCCAGAGAGAGAGAGAGAG-A. T

LELLETTETTEITTT Sy

,TCTCTCTCTCTCTCTC-T=C A

T
T/ J
/ AGAGAGAGAGAGAGAG-A’G
!

Al aA

6z (a)

66

Triple helix

(b)
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Versatility of RNA structure

Usually single stranded (not found with a
complimentary partner strand)

When double standed, has “A” conformation

ssRNA can adopt a variety of 2° structures due
to self-complimentary regions

Non Watson-Crick base pairs

Modified and different nucleotide bases
2’-OH can participate in H-bonding
May form tertiary structure

S. Ensign, Chem. 5700
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Examples of nonstandard base

Examples of nonstandard base pairing that can occur in RNA

pairing that can occur in RNA ,H i
'Crn N WH—N NN
e e \I/ ‘ >
CHy - H s N Vi
e o, : ﬁ)\; e )l n N o’ ¢
N: “H ‘N_,II‘\ it Wy 7/\7 \ 0) iH
M | \H/NW/N\C'T e ’ (\ n“\N\ﬂ/N““C-l‘ H % X
2 N 0 7y il 0 \N \ H N
N -""I\ = “N- |\ v%J\\ -/H\ H \ R
NN NSNS ‘ %, N‘< H
C-1' C-1' IlI 0 \
T=A-T c=aG-c* 7, H\\\O N
(a) N ~
AL e
N i 4
/N N/ /N T N C-1
C-1 H
6 Guanosine tetraplex .
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: Association of regions of ssSRNA to form secondary structure
o Nl N em _ Hairpin
oY > Single Internal C
strands Tou AA N
saeie_x "0 4 Bulge A GF A
N & - N\
Rbos|  N=/ Vel | Ribose A U, 1N A CA N/ A
) 111/1#“(': N LDimethylguanine OtgA C C U U G F .CPIIWACWC‘_{:. C G—U U\ " \ \ y AG
| ",..N._‘_J 3 3 U G G A A C G A UGG \
h:. b i "“ G™~
N _,\‘- K N N N - ?, A
,'\ ..N Adenine (a)
v 71 72
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RNA in a hairpin double helix will be in the “A” conformation

Hairpin double helix
(b)

73
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Possible 2° structure in

the RNA component of
RNAseP

S. Ensign, Chem. 5700
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3° structure in tRNA

(a)
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Separation
of strands

SOVFVVETVITVOVOU

Double-helical

Association of
strands by base

pairing

Separated strands

S. Ensign, Chem. 5700

(d) of DNA in random coils
7 78
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Temperature (°C) tm (°C)
(a) (b)
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e

duplex

81 82
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0
o
N  H0 N
HN HN |
e y 2 e M+ —0—P—0—CHz 0. on
N N
- HyN N HyN N H (8] H H
| Guanine
—O—fl’—O—Cﬂz o) ? H

Y H H Apurind

H purinie

residue
H
|
Guanosine residue
(in DNA)
Depurination
(b)
83 84
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b 2
_ /_N“““c—c =C=0
W  cH
* Adjacent
thymines
8}
S 1\/{
/ -~

c_
_—N €=0
\c=c:
H/ CH3
UV light 3 f UV light
\ 0\0 N/H \ O\C 5 -
N, e B c-o :
\..‘Cuc/ i \CE— - At :
1 Tk W I, ( X\
0, & 0 — =
A N
C==N \ C—N z - 5
—n #czo _—N ‘H‘:\"‘C—OH : ' ’
“~ele” ) ~e—c” , =
. ow, W ow, i,/
Cyclobutane thymine dimer @ 6-4 Photoproduct (b)
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COO
HN—C—H Ha
NaN02 . . o CH, ,)\V_..N .
methionine A
sedium nitrite | D€AMINAtING agents en, L LY Alkylating agents
’ S_CH2 0
| i ™
CHy
H H
NaNOj3 OH OH
. . adenosine
SOdlum nitrate S-Adenosylmethionine
CHy
N—N=0
R! CH,
AN Dimethylnitrosamine
/N—N=0
R2 CI\I;;
8] O
\S// CH,—CH,—Cl
. . H,—CH,—
Nitrosamine o N HN<
CH, CH,—CH,—Cl
Nitrous aCId Dimethylsulfate  Nitrogen mustard
precursors (b) Alkylating agents
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Nucleotides in enzymatic cofactors

N
H)N\6 | \>
HN” N7 N
H
NH.
Guanine J J ‘
tautomers [I[ H H (|:[-[3 0" ;J«I
OH HS—CH,—CH, _N_(If —CH,; —CH, —1'~I—(|%—u1|3—(|3—CH2 —0— fl’_ N
L e O OHCH,4 ;O
N/ 6 | N\> B-Mercaptoethylamine Pantothenic acid
/]\\ N
\‘HQN N H '
L 0~ J
J(CH:;}‘_;SO,‘ 3’ -Phosphoadenosine diphosphate
Bacaivsiod (3'-P-ADP)
OCHg
=, N
0O°%-Methylguanine )N\JSI \>
N
N
HoN N H
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Nucleotides in enzymatic cofactors .-
? BN
C—NH, /\/L\ s A
. : H H CH, N” N7 0
(] votmami Nucleotides in L
0 CH, o N . éH;H Riboflavin
g% enzymatic cofactors Lo
0=P—0" H H ron
OH OH CH, -
0 o
-0—l=0
0=P—0~ NH. (:3.
NfaN _0—F=U N NH}!
N
0——CH, , <ﬂ e ? & f J
CH, 0 N N
H H B H H 48
OH OH OH OH
91 Flavin adenine dinucleotide (FAD) 92

Nicotinamide adenine dinucleotide (NAD%)

S. Ensign, Chem. 5700

S. Ensign, Chem. 5700




