» " )

‘0. R & 09 i

e 5% "G 2570 te. J5%¢
*:-‘l‘ ‘:\‘ 2 \ 2 /"-,;‘ ~ ]\'. . \r A"A' 1\.

' - K \, 1 “ ,
B w N ) Guiding Questions

) %

How does the structure of nucleic acids allow hereditary information to be stored?

How does the structure of DNA facilitate accurate replication?

| Theme: Unity and Diversity
4 Level of Organization: Molecoles
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https://www.interaliamag.org/articles/david-goodsell-molecular-landscapes/
https://www.noteworthyscience.com/

Al2.1

Al.2.2

Al.2.3

Al.2.4

Al1.2.5

Al.2.6

Al.2.7

Al1.2.8

Al1.2.9

Al1.2.10

SL Learning Outcomes

DNA as the genetic material of all living organisms

Components of a nucleotide

Sugar—phosphate bonding and the sugar—-phosphate “backbone”
of DNA and RNA

Bases in each nucleic acid that form the basis of a code
RNA as a polymer formed by condensation of nucleotide
monomers

DNA as a double helix made of two antiparallel strands of
nucleotides with two strands linked by hydrogen bonding
between complementary base pairs

Differences between DNA and RNA

Role of complementary base pairing in allowing genetic
information to be replicated and expressed
Diversity of possible DNA base sequences and the limitless
capacity of DNA for storing information
Conservation of the genetic code across all life forms as
evidence of universal common ancestry

Some viruses use RNA as their genetic material but viruses are not considered to be living.
In diagrams of nucleotides use circles, pentagons and rectangles to represent relative positions of
phosphates, pentose sugars and bases.

Sugar—phosphate bonding makes a continuous chain of covalently bonded atoms in each strand of DNA or
RNA nucleotides, which forms a strong “backbone” in the molecule.

Students should know the names of the nitrogenous bases.
Students should be able to draw and recognize diagrams of the structure of single nucleotides and RNA

polymers.

In diagrams of DNA structure, students should draw the two strands antiparallel, but are not required to
draw the helical shape. Students should show adenine (A) paired with thymine (T), and guanine (G) paired
with cytosine (C). Students are not required to memorize the relative lengths of the purine and pyrimidine

bases, or the numbers of hydrogen bonds.

Cytosine [---—-—-- ‘ Guanine

Thymine

,,,,,, ( Adenine

Include the number of strands present, the types of nitrogenous bases and the type of pentose sugar.
Students should be able to sketch the difference between ribose and deoxyribose. Students should be
familiar with examples of nucleic acids.

Students should understand that complementarity is based on hydrogen bonding.

Explain that diversity by any length of DNA molecule and any base sequence is possible. Emphasize the
enormous capacity of DNA for storing data with great economy.

Students are not required to memorize any specific examples.



Al.2.11

Al1.2.12

Al1.2.13

Al.2.14

Al1.2.15

HL Learning Outcomes

Directionality of RNA and DNA

Purine-to-pyrimidine bonding as a component of DNA helix

stability

Structure of a nucleosome

Evidence from the Hershey—Chase experiment for DNA as the
genetic material

Chargaff’s data on the relative amounts of pyrimidine and
purine bases across diverse life forms

Include 5' to 3' linkages in the sugar—phosphate backbone and their significance for replication,
transcription and translation.
Adenine-thymine (A-T) and cytosine—guanine (C—G) pairs have equal length, so the DNA helix has the same
three-dimensional structure, regardless of the base sequence.
Limit to a DNA molecule wrapped around a core of eight histone proteins held together by an additional
histone protein attached to linker DNA.
Application of skills: Students are required to use molecular visualization software to study the association
between the proteins and DNA within a nucleosome.

Students should understand how the results of the experiment support the conclusion that DNA is the
genetic material.
NOS: Students should appreciate that technological developments can open up new possibilities for
experiments. When radioisotopes were made available to scientists as research tools, the Hershey—Chase
experiment became possible.

NOS: Students should understand how the “problem of induction” is addressed by the “certainty of
falsification”. In this case, Chargaff’s data falsified the tetranucleotide hypothesis that there was a repeating
sequence of the four bases in DNA.



A1.2.2—Components of a nucleotide
DNA and RNA.

A1.2.4—Bases in each nucleic acid that form the basis of a code.

A1.2.3—Sugar-phosphate bonding and the sugar-phosphate “backbone” of
A1.2.6—DNA as a double helix made

of two antiparallel strands of nucleotides with two strands linked by hydrogen bonding between complementary base pairs

PwincS :

DNA is o macromolecule, which is a polymer Ue\op\o , made from many repeating monomers O
&L&_—S !

2 —n'nacc) Strocture
mtrogenovs base

g Specifically, DNA (Deoxyf}bonucleic acid) is o polynvcleic acid made from many nucleotides s

( Adenine (A)

Nucleotide NH,

/) 4 9i¢Lerent types </N SN

J

L> the building blocks of nudeic acids
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made vp of 3 parts:

S, Nl

|
ﬂ N

) nitrogenous base

NH,
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1o the deoxyribose of fhe other, (-‘o:m.‘nj o phosphodiester bond DNA_antiparalle) double helix
and a Strong backbone to the DNA molecle
OH
|
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2N\ 0-P-0 N—H:--0 CH,
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Pyrimidines : I-n’nacr) stctore

mtrogenovs base

N\
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0
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Cytosine (¢)
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Tkymine (T) )
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* only DNA net RNA

| S Every DNA molecole will be composed of nucleokides containing phosphate and deoxyribose
but the nihaaenous base attached can ¢iffer
lhe sequence of the nitrogenous bases makes up the genetic cade
and is how genetic information is stored (instructions for pmhins)

@p(otein synthesis DI.2

1e. TBACAC TG

How to draw :

k) DNA is a QJouvble- standed
polymer, linked fogether

by

\> Ni*{oaenods bases Fa-‘r in o

very specific fashion -

Adenine | . '.l Thymine

Cy*osine | | Guanine

A5

Complementary base poiring :

® Adenine only forms
with Thymine (A:=T)

S The +wo strands of DNA ae poralle] fo each other pot they
(un in oppasite directions thvs fhey are antiparallel

S DNA’s shveture is Iike o teisted

ladder where cach side toists
iato o helix arouvnd the other

X if not anUPamllel,

woat form

g Cyl-osinc only ‘Fvlms
with Guanine (C::6)

C"EEE

(o]

=D =
=N

/( SUJN'-
backbone

> _

=
=
ndem
)

D ®, — =
K nitrogeaous bases

Ol0 00O OO0l0 O

QO[O0 00000

)




A1.2.4—Bases in each nucleic acid that form the basis of a code. A1.2.5—RNA as a polymer formed by
condensation of nucleotide monomers. A1.2.7—Differences between DNA and RNA

Like DNA, RNA is a polymer (Polynuclcolzide) made of pucleotides DNA RNA
g Howewer, as its name Ribonucleic acid suggests, ifs camposition is slighlly different nucleic acids t‘omposcc) of nudleotides
_._g nucleotideS comprise of o phoSPha'!C group
Nucleotide E‘ nueleotideS comprise of the nifrogenovs bases Adenine, Cytosine and Guanine
f:) bacKbones are joined with. phosphadiesier bonds
2 Composed of Corbon, Oxygen , Hydrogen, Nitrogen, ano&enouS bases form kydrodm bonds vi omplementary base pairing
made vp of 3 parts: NH,
OH M /(l-\ typically composed of two E typically composed of one E
ow b0 draw: G-P-Oo=LrCH Ly ~¢” °N Stiands (dovble- stranded) Strand  (single - stranded)
Il | 2 O\ HfC\ /2 /Cl—H Ho O._ 9H Hoq o _ OoH
© C /H HC e N N7 nucleotide com posed of nucleotide composed of
|\=I zl/l ” C)COXyriboS& Sugar nbose Su'jar
Pcm‘ose.( on.) % ?—(I: . 9 nitrogenous base « OH H OH OH
ribose ¢ on_on / ;_‘5' nucleotide campaScd of nucleotide cam'aosga o{?
i di€ferent types i._: nitcogenous base thymine nitrogenovs base uraci(
r A
Adenire. (A) Guanine (6) Cytosine (c) Uracil (U)* Shaped into a double helix g Voriety of shapes €§ ﬁ%?
O
NH;_ 0 NHZ *
N N ! XN I NH only found in RNA '0"3" polymer (mi”ions of nudeo{,idc5) shorter polymer (hw\dreds to thousands of mdeol}dcs)
SN /4 NH complementary to Adenine
SIS L, C
<N /) N N)\NH N~ 70 N/KO € of . Qo sy B
H N H 2 H H Xam.PlES nuclec acids protein synthesis Ol

> Like DNA, the sequence of RNA nilregenous bases code {or information although 'Hp-'ca”): -}rmporari!) ® DNA used as long-tecm. heredifory slorage for all living organisms W

. , 561\0“(’, information is Stoced as genes where it con be teanscribed and Yroaslaied into proteins
Sugar- Phosphate backboae RNA stwcture p
g g ° Hesscnger RNA (mRNA) synthesized complementarily fom o DNA gene during 'lranscripl:iol\%
RNA forms o backbone’ made by PhoSphor)ie.chr RNA is a sin\glc-s-imnded Polymcr corries information necessary to make a protein. during translation
covalent bonds between the phosphate and ribose sugar

formed via condensation reactions, which celease water \> Lhile ‘l'rpl'can)' exists as a helix, ® Transfer RNA (£RNA) special DNA codes for tRNA. tRNA binds 1o spetific amino

it can also form Joops ond boad acids and corries Jhem to the ribosome and mRNA for translation

How to draw : complemmhrily via

® Ribosomal RNA (¢ RNA) SPCc-'a( DNA codes for tRNA. rRNA is & main com ponent of

helix % ribosomes. Helps bind mRNA, tRNA aad calolyses bonds in tronsladion

- OH) OH

(@) (@) 4 ©

/\ ’ "0 @@@‘19%@. ® Adenosine triphosphate (ATP) sinale nucleotide nucleic acid. The primary molecle vsed -

7 \ C

=20 @@ oot ® by syslems fo slore, fansfec and vse chemical energy <
¢ F - The porpase of cellolar respication is fo conver t chemical I o?,o o\ )
N O RNA loop @id( respiration Cl.2 Cnersy within fo0d into ATP 90'“‘;:— " },“hqoa
)
OH OH




A1.2.1 —DNA as the genetic material of all living organisms. A1.2.8—Role of complementary base pairing in allowing genetic
information to be replicated and expressed. A1.2.9—Diversity of possible DNA base sequences and the limitless capacity of DNA
for storing information. A1.2.10—Conservation of the genetic code across all life forms as evidence of universal common ancestry.

Al h'vinﬂ ofganisms vse DNA as scndic malecial : infocmation in the form of genes lhat can be passed from poreat to o#sprinj S Some viruses uSe DNA and others use RNA as gemh’c material
ie. itis hereditary, allowing changes (motations) 1o be Hronsmitted

-
g ; X Viuses are not considered
W % i LV A ‘alive’ and ‘living organisms’
) s ex: bacteriophage S e as they requite o host for most
animals / \/L' prokaryotes ¢ ex: SARS-CoV- 1 processes of life such as
fungi protists @Quicoses A2.3 o Yy reproduction and metabolism
~
g In eukaryoles, DNA is found within the nuclevs of cells, whereas ia prokaryotes within cyloplasm @ ol stevcture A22
H\ S+ &+ /
: : : . i N—H X H—N
As mentioned previously, nitcogenovs bases foem very specific pairings — complementary base paifing here form between fhem

H 5-

\N—fr 0 CH, r/N //3- ® Porines (double n'nas) X
N/

5+
H—N
(/N s AN { 5 S \ always b.'nd( with
NN o] - ¥ [ imdiaes (sinale rings)
/ N HN ¥ e NH N\ pyfimi 9 A9
N NﬁJ >—WK M:( S+ \_W
0 ! N—H
W

o |f ni+roscnau$ bases

had any other pain’rﬁ
(ex: Aand C or Gad T) _N X e
hydrogen bonds wovldn't r ¢ O CH,

* A\
form as partial charges N 74 Nfl X b \
would repel and not atfract N —< 5 H N\_
o//

. TAA GGCGTA
ATTCCOLCAT ATTCCOLCAT

=N\
2 —
s
X
-7
(/.
oJ

H
/

it mainkains a. stable,
v’ &0 . as |
0 7 constant diameter foc o
DNA dovble helix

paIolele

g Due fo the orientotion of the padial charges , AT and GiiiC

: U§©§F

g Due to Compkmu\\'ﬁly base pairing, the sequence of DNA on one sfrand determines the other,  ex:

k> This peopecly is used ia many crucial biological pracesses: @ rrotein synthesis 012 / LA
ATGATCTCGTAA = LRNA
AT M T ‘
- each WAL Teanscription - one DNA sicand 5 mRNA Translation - mRNA codons match up
strand acts a5 a template m 4 = acls as o -hmp\ake. fo make AV GAUCUY with tRNA anticodoas COMﬂCmtntOfi.ly UaC  anticodon
1o build a new copy XXX a complementary mRNA strand TACTAGAGCATT fo ensure the correct amino acid Y 6 '“:d'::‘
@2 ONA ceplication DL 15 brought and correct protein Synihesized mRNA

X gene expression = protein synthesis, j.e. transciption and translation
m‘”\m@h DNA has only Y bases the order in which they combine is [imitless

g DNA's information is slored os genes in friplet codes called, ‘codons
with 'n’ bases, thew is 4" possible sequences eX: yost [0 bases 4" = 1,048,576 possibiliiies.’ which code for amino acids in protein Synthesis

S as fhee are 4 bases, there is 4> oc b4 JifPereat codons

g DNA can be any knafk ('lhat can it inlo acel(), adding fo its potential diversily

ex: in humans The IonJcsl: DNA wmolecle is ~ 260 million base pairs’ g Same code is vsed by all living organisms, from backeria do whales . it is universal

ex: AGC codes for Ser in all ocganisms, thus the code is conserved

DNA has a diameter of Just Znm, thus hujc omoundS con be Sfored in small volumes

k} 1his supports the idea that all [ife arose from o common ancestor where #his code
originelly storted and has lacgely remained uachanged thiayghout cuolvtbion
X this is for moce probable fhan jhe same exact code evoluiag Separalely many fimes indepeadeatly >

eX: human DNA vawound is Zm long (3.2 35\&,«5&505) which fits in o nuclevs ~ 10pm in diameter!

X Covnpaud with modern informalion Slorage DNA is etonomical bolh in {erms space aad material used



A1.2.11—Directionality of RNA and DNA.

HL

A1.2.12—Purine-to-pyrimidine bonding as a component of DNA helix stability.

A1.2.13—Structure of a nucleosome

A moce syec:(’ic manner fo describe fhe direction’ of DNA and RNA
stcands are by the orientation of 1he cocbons in the pcn!.ose sugar

new nucleotide
) added here
5 ¢ 0 ¢c—c’
| \ v/ \
4C C —{  Adenine ) Thymine [~ C cH
e /' Nl
Y " —c¢ O C
2

:@-‘

numbered clockwise

5C O l z |
ol e |

fum oxygen in ring 2

X You can evtropolate the ends o '
. ?
n DNA only given one ! e——

A5 mentioned previously , each nitrogencus base pair is composed of | purine
(2 rings) and | pyrimidine ¢] ring)

lam

,,(m"

f

¢ Inam 3
Due 1o complementacy base S
puiring, no matter what the &>

nitrogenovs base sequence , the DNA
molecvle will have 3 rina_s across

0.34Ynm

-1 purioe and | P,ﬁmidinc, constant diameter N
2|

N

maintaining a slable, regular

dovble helix Shape

@ cell ¢ nudear division D2.1

The fotal length of DNA in a single human cell is ~Zm which is
contained in & ~ 10pm nuclevs - how |

k) DNA is wrnppcz) fwice arovnd a core
comPOScd of 8 Prohx'ns called histones

nucleosome s a
34nm stevetvral vnit

comprising DNA

wrapped around an

octamer of histones

L) nucleosomes Svpercoil
and organize into
ondensed chromosomes 5

eqe &

The diceclionality of DNA and RNA impacts biological processes :

@D DNA ceplication OLL

3‘
- DNA nucleotides ore always
added fo the 3'end of the gfowing polynvcleotide J
The 5'Phosphal'€. of the fiee nucleotioe forms 5’

a Phosphor);eshr bond with {he dwx]ribosc at 1he

3 carbon .. feplication oecors 5’ fo 3’

5

dicection of replication .

%T"ﬁ is becavse fhe nucltotides must face fhe

correct Oirection to it into the entymes aclive sitfe 5 Yraascription

Transcription - RNA nucleotides are added to the 3' end " 3 5

of the S(ouit\j mRNA polynublcoéide
5' phosphate of the free nucleotide forms o phesphodiester bond 5'
with fhe ripose at the 3’ carbon .. transcription occors 5’ 4o 3’

@ prokein Synthesis DI.1

Translalion - mRNA cacries sequence snformation for s}nﬂtesizin_g (<) &) ® o (@50
(-8 polypeph’de (proh-'n.) as codons which delermine the order &
amino acids are oined \ay ribozymes. The ribosome moves along 5' 3’

ribosome

Aggl ication of Skills

Explore nucleosome stucture using

mRNA towards the 3'end. .. franslakion oecors 5' 10 3'

molecular visualizetion software

at the Fo(louins websitfes :

linker DNA
nucleosome to the other

Joins one 2 NURS//WWW.IeSD.Org/Structure/=4 Vo

Hl histone bound #o linker DNA,
maintainin 9 nucleosome strvcture

g https://proteopedia.org/wiki/index.php/
Nucleosome_structure

chromakin chfomosome


https://www.rcsb.org/structure/2CV5
https://www.rcsb.org/3d-view/jsmol/1aoi/1
http://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmol/nucleosome/nucleosome.html
https://proteopedia.org/wiki/index.php/Nucleosome_structure
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A1.2.14—Evidence from the Hershey-Chase experiment for DNA as the genetic material

A1.2.15—Chargaff’s data on the relative amounts of pyrimidine and purine bases across diverse life forms

® Since the lade 1800s, it was Known that chromosomes played a role in heredity but as fhey ace roughly 507% proteins
and 50% nucleic acids, it was vaclear which chemical was respensible

® Protcins were o sirong contender fo be Jhe hereditary genetic maltrial of living organisms due o fheir increased
capacity for variety and complexity : DNA compestd of only Y 1ypes of nidogenovs bases whereas prodeins ace
comp(isc() of 20 Hypes of amino acids s it would allow more complexity

How 0id we delermine DNA and not pfok-'n is the genclic maderial 7

AA

=

Hcr.shcy - Chase experiment

Karound informatio

@ Bu!uiophaae injects

® The experiment vses the bacleriophage J
T2 vires which infect €. coli bacteria

o Bac!edophaae is composed of o
protein coat (capsid) which holds DNVA

® |t was unclear whether the virvs
parasitizes host using DVA or protein

gcneh‘c malerial into bacteriom

® Vical genetic matesial incorperaled
into that of 1he host - hijacking it

(EE==D)

@ Hijacked bacterivm creates new
viruses which burst ovt and spread

==

@ virvges A2.3

® Radioisobopes ace unstable isofopes of elements which release enecgy in ocder o become more sable jn the form of
radialion oc patticles (m)ioadive ducy) ,which con be delected by awm,{—us suth as a Geger counter
L) NOS : cadioactive labelling as a technigue become available post WWIL and 1his technigue now allowed
scientists 1o frace chemicals in biological sysems, allowing the following expeciment to occur
Methodology

S

® Two different backriophages were produced:
\S one with (adi;acl‘i've phospi\oros (nP) which was incorpocaied jnto the DNA
(and not protein as Pis fond in nucleic acids bot not amino acids) .- labe”inj DNA
\S one with! radioactive sulfor (”5) which was incorporaled into the protein coat
(and not DNA a5 S is found in some amino acids but not nucleic acids) . labelling protein

s
ANNNNNY
AN

< |

ANNNNY

\ A/

hp:rnah#,
contains ,Q [i»
pellet contains

@ Each set of labelled viruses were collured with €. coli backeria and allowed fo infect fhe cells
® Coltore was pot in blender fo dislodge viruses ond centrifuged fo separate components by density

@ Supemal:mt and Pellct amlyzed for mdioachvﬁy: radioisotope found in pellet svgqests 3md-’c material a5

I

this is what was injected into backeria by virvs
Resvlts

&2

_S larse!y present in Supernatant not in pellet
.. viral protein did not enter bacterial cells

31

P /argdy present in pellet

.. vical DNA entered bacterial cells
- DNA is like‘ly ameh'c material

P

\=2/

. protein is ot Smeh'c material

® Levene was a major contcibutor $o our undus-}andinj of DNA:

he established the prescence of the phosphate- sugar backbone, o} W{,D' i
deox,n'bose oS the sugar and Coined the derm ‘pnucleotide’ /Q\ e o—§=a

® However, he incorrectly ‘\ypaﬂwﬁzed that DNA was composed of
Y rcpenlin nudeotioes (+e+ranudeo£.‘de) in quql base proportions

¥ "r\,rz
Qﬂ [§ e
‘ \

As o Jefionucleotide is not ar)equa.lely variable, Levene hypoihesizcd
DNA could not be he genetic moterial bul cather proteins

How 9id we dedermine complementacy base pairing in DNA?

Chargaff's experiment

Methodology @D ohotosyntuesis c1.3

® In order o dest if DNA was a fetanucleotide , samples of DNA f{om o range of species were onalyzed
fo delermine Their nucleotide composition

L1 paper . : :
g Pap:r chromatography was vsed 1o separate Oiflecent —> : :
DNA samples into 1heir respective nitcagenovs bases oo
uv SP«.hopho*Omcl-r)l was then vsed 1o quan!:;('_y \somp)e

the relative amomts of each base present selvent Heovels vp via capillacy attion.,

Sepamlilg molecules based on chemicaul Foper}.'es

e
Resvlts CO > O . (/\:> o O
DNA source Adenine Tkymine Guanine | Cytosine S across all DNA sources, the
human 29.3 30.0 20.7 20.0 propec tion of AandT were
octopus 33.2 36 176 176 ~ equal , a5 were Gand C
yeast 3.3 31.9 83 | 1%l \S propuction. of purines (A,6) were
maize 268 111 12.8 232 ~equal to pycimidines (T,C
wheat 21.3 2% 213 21.8
. colt 24.7 236 26.0 257 X relative quantities varied

J\L

— ~ ) ~ | — across species

L> if fefcanucleotides were dhe structure, proportion of all bases would be equal, ie. I'1:):] . hygothesis falsified

NOS: in science , Knowledge claims ace built vsing inductive reasoning , i.e.
obsecvations —> detect patterns —> form Scmmlizdims —> makKe conclusions abovt unobserved

L> Problem : induelive reasoning cannot give certainly as there is no way fo be sure generalization is alwoys 1rue
.- inductive generalizations are tentative , as new evidence can show them do be intorrect

g Selvtion: -Fa|si€ ication allows for cecfointy as we can show what is not trve ﬂ\rouoh covater - exampleS

X noi'king is 'prnvm' in science - evidence cither supports of falsifies hypoiheses



& Resovrce Links

€ach. resource is hyperlinked
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G Simulators / Interactives S Acticles

Fry, M. (2016). Dissolution of hypotheses in biochemistry: three case
N A £ g studies. History & Philosophy of the Life Sciences, 38(4). https://
NA= R ’ Pt
DNA' ER e RN NTER doi.org/10.1007/s40656-016-0118-x
DNA timeline TTooTTTTTTmTTTTETRmTmTRTTTT
Ch Hershey, A. D., & Chase, M. (1952). INDEPENDENT FUNCTIONS OF

VIRAL PROTEIN AND NUCLEIC ACID IN GROWTH OF
BACTERIOPHAGE. The Journal of General Physiology, 36(1), 39-56.

Watson-Crick Base Pairs

Lab, “ change
#

Created by Dr. David Fahrney. Edited by Ben Robinson.

DNA structure Base pairs

> 3D models

Adenine; Thymine

Cytosine

DNA bases



https://www.dnai.org/timeline/
https://dnalc.cshl.edu/view/16012-Erwin-Chargaff-1950.html
https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/nucleosome/nucleosome.html
https://www.rcsb.org/structure/2CV5
https://www.rcsb.org/3d-view/jsmol/1AOI/1
https://www.labxchange.org/library/pathway/lx-pathway:b76423f4-45cb-40c4-a612-108506480e44/items/lx-pb:b76423f4-45cb-40c4-a612-108506480e44:lx_simulation:29d42bfc?fullscreen=true
https://www.labxchange.org/library/items/lb:LabXchange:feb8ec5b:lx_simulation:1
https://www.biotopics.co.uk/jsmol/DNA.html
https://www.biotopics.co.uk/jsmol/DNAbases.html
https://www.biotopics.co.uk/jsmol/AT.html
https://www.biotopics.co.uk/jsmol/GC.html
https://bc401.bmb.colostate.edu/3/base-pairs.php?i=0
https://www.noteworthyscience.com/



