Nucleic acids
International Baccalaureate - IB Diploma - Biology - SL

Scope and prerequisites

How can a molecule made from only four kinds of base carry so many different in-
structions? The answer lies in their sequence, the structure that keeps the sequence
intact, and complementary pairing that allows information to be copied and used.

This handout teaches nucleotides, DNA and RNA structure, information storage, base
pairing and the genetic code. Prerequisites: covalent bonds, hydrogen bonds and con-
densation reactions. All sequence examples and numerical datasets below are original
teaching examples, not real gene sequences or historical measurements.

Nucleotides: the units of nucleic acids

DNA is the genetic material of living organisms. RNA also has important cellular roles;
some viruses have RNA genomes, but viruses are not classified as living organisms in
this course. “DNA is genetic material” does not mean every mature cell retains a
nucleus or that RNA never stores genetic information in a virus.

A nucleotide contains a phosphate group, a five-carbon pentose sugar and a nitrogen-
containing base. Use a circle for phosphate, a pentagon for sugar and a rectangle for
the base in a simplified diagram. Connect the base to the sugar and the phosphate to
the sugar; the base is not inserted between sugar and phosphate in the backbone.

DNA contains deoxyribose; RNA contains ribose. In a sketch of the sugars, number
the carbon positions and compare the 2’ position: ribose has an ~OH group there,
while deoxyribose has H in its place. “Deoxy” does not mean the sugar contains no
oxygen. The prime mark distinguishes sugar-carbon numbering from other numbering
in a nucleotide.
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2: OH in ribose; H in deoxyribose.
Other H and stereochemistry omitted.

The important comparison is the group at 2 ; the diagram highlights connectivity and
is not a full stereochemical formula.

The DNA bases are adenine (A), thymine (T), cytosine (C) and guanine (G). RNA
uses adenine, uracil (U), cytosine and guanine. A base name is not the name of a
whole nucleotide: adenine alone has neither a sugar nor a phosphate.

Build a strand: a continuous covalent backbone

Nucleic acids are polymers of nucleotides. In a simplified condensation model, linking
nucleotide units forms a sugar—phosphate connection with water released. The link is a
covalent phosphodiester bond. Repeated sugar—phosphate links form the backbone,
with bases projecting from the sugars. RNA can be represented as a single chain of
these units.

When drawing an RNA polymer, preserve three relationships: a continuous alternating
sugar—phosphate backbone, a base attached to each sugar, and no thymine in the RNA
sequence. A chain is not held together mainly by hydrogen bonds between successive
bases. Hydrolysis can break covalent links in a backbone; separating paired DNA
strands is a different process.

For a simple linear condensation model, n separate mononucleotide units need n — 1
new links to make one chain. Thus six units need five links. This counting model is not
a complete description of intracellular polymerization: cells use activated nucleotide
substrates, and their reaction products must be considered separately. Do not assume
one classroom condensation diagram describes every biochemical step.
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Continuous sugar-phosphate backbone.
Each base attaches to a sugar.

Bases attach to sugars; the strand is connected through covalent sugar—phosphate
links.

DNA: complementary strands form a double helix

A DNA molecule normally contains two polynucleotide strands twisted into a double
helix. Their sugar—phosphate backbones are on the outside and paired bases lie inside.
The strands are antiparallel: they run in opposite directions. In a flat drawing, show
opposing end labels or arrows rather than drawing both strands pointing the same
way. A ladder sketch can represent the pairing without reproducing the helical twist.

Complementary base pairing means A pairs with T and C pairs with G in the standard
DNA model. Hydrogen bonds form between the bases on different strands. Covalent
bonds hold each backbone together. These two kinds of bond have different positions
and roles; do not draw hydrogen bonds as the backbone links.

Hydrogen
bonding

Covalent
backbone

Reading across a pair gives its complement; reading along a strand gives a sequence.

For the invented top strand A-T-G-C-G-A, the paired bases in the aligned opposite
strand are T-A-C—G-C-T. The matching is determined, but the sequence along a
strand can vary. “Complementary” means matching by the pairing rule, not identical.
In ordinary double-stranded DNA, total A equals total T and total C equals total G
because every pair contributes one of each matching base. This does not require A
to equal G or every base to be 25%. It also does not require each individual strand
to contain equal A and T. State whether a composition describes one strand or the
entire double-stranded molecule.

B Worked example: count both strands

Suppose an invented DNA molecule has 800 base pairs and 28% of its nucleotides
contain adenine. It has 2 x 800 = 1600 nucleotides in total. A and T each make up
28%; together they are 56%. The remaining 44% is split equally between C and G,
giving 22% each.

N4 = Ny = 0.28(1600) = 448,

N¢ = Ng = 0.22(1600) = 352.

Check: 448 4 448 + 352 4 352 = 1600. There are 448 A-T pairs and 352 C-G
pairs, totaling 800 pairs. Mixing base pairs and individual nucleotides would give a
factor-of-two error.




Compare DNA and RNA

Feature DNA RNA

Sugar Deoxyribose Ribose

Bases AT C G AU C G

Typical cellular arrangement Two paired strands  One strand, often folded
Examples Chromosomal DNA  mRNA, tRNA, rRNA

Messenger RNA carries sequence information used in protein synthesis. Transfer RNA
helps match amino acids to codons, and ribosomal RNA is a structural and functional
part of ribosomes. A single RNA strand can fold so that complementary regions pair;
“single-stranded” does not mean it must remain a straight line. These are typical
cellular comparisons, not a claim that every viral genome follows the same strand
pattern.

Copy and express information by base pairing

Complementary pairing makes a template useful. During DNA replication, the strands
can separate and each can guide the formation of a complementary strand. The se-
quence of an existing strand constrains the new sequence. Accurate copying also de-
pends on enzymes and checking processes; complementarity does not make mutations
impossible.

Transcription produces RNA using a DNA template. RNA nucleotides pair
with the template: DNA A directs RNA U, DNA T directs RNA A, and C pairs with
G. The coding DNA strand has the same base sequence as the RNA transcript in the
corresponding region, with T in DNA in place of U in RNA. Always state which DNA
strand you were given.

Translation uses the codon sequence in mRNA to assemble a polypeptide. A
codon is a group of three mRNA bases. Transfer RNA helps implement comple-
mentary matching during translation. A codon table is normally read using mRNA
codons, not an unexplained DNA triplet. Stop codons signal termination; they do not
specify an additional amino acid.

For the invented coding DNA segment ATG-GAA-TTC-TAA, the mRNA segment
is AUG-GAA-UUC-UAA. Using the stated meanings AUG = methionine, GAA =
glutamate, UUC = phenylalanine and UAA = stop, the model peptide has three amino
acids. The four codons do not give four amino acids.

In a simplified complete coding segment with 90 mRNA bases, including one terminal
stop codon, there are 90/3 = 30 codons and 30 —1 = 29 amino acids. This assumes the
segment begins with the initiating codon, contains no intron or untranslated region,
and is translated as stated. A whole gene’s DNA length cannot automatically be
divided by three: genes can include other sequences.

The genetic code is degenerate: more than one codon can specify the same amino

acid. For example, GAA and GAG both specify glutamate. A substitution between
them can be silent with respect to the amino-acid sequence. Inserting or deleting a
number of bases not divisible by three within a translated region can shift the reading
frame. A mutation’s consequence depends on position and context; not every sequence
change alters the protein.

Sequence diversity and shared ancestry

With four possible bases at each of n specified positions, the number of possible se-
quences on one defined strand is 4. Six positions give 45 = 4096 sequences; twenty
give 420 = 1,099,511,627,776. The count grows rapidly even though the alphabet
is small. The complementary strand is determined by the first; it is not a second
independent choice of four bases at each position.

A particular molecule has a finite length and information capacity. The enormous
general capacity of DNA comes from varying sequence and length, not from a sin-
gle finite molecule holding literally infinite information. Not every mathematically
possible sequence forms a functioning gene or an organism with high fitness.

Across living organisms, codons generally have the same meanings. This strong conser-
vation of the genetic code supports common ancestry: related information-processing
systems are inherited and modified. Small known code variations do not erase the
broad pattern. Distinguish a shared code from identical DNA sequences; different
organisms can use the same code to specify different proteins.

Practice

All sequences and numerical data are invented. Use the stated simplified models.

1. Draw a nucleotide using the standard three shapes. Name each component and
show where the base attaches.

2. Sketch ribose and deoxyribose to show their key difference. Explain why deoxyri-
bose does not mean “no oxygen”.

3. Draw three RNA nucleotide units as one chain. Identify the covalent backbone,
attached bases and the number of new links in the simple condensation model.

4. Compare DNA and RNA in sugar, bases and usual cellular strand arrangement.
Name two functional types of RNA and explain why folded RNA can still be one
strand.

5. For the aligned DNA strand A-T-G-C-G-A, write the six paired bases. Distin-
guish complementary pairing from an identical sequence.

6. Double-stranded DNA has 800 base pairs and 28% adenine among all nucleotides.
Calculate the total number of each base and check the sum.

7. For coding DNA ATG-GAA-TTC-TAA, give the mRNA sequence and peptide
using the codon meanings supplied above. Why is the coding strand not the
template strand?
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11.

. A complete mRNA coding segment has 90 bases including one terminal stop codon.

Find peptide length. Repeat for 63 bases, and state the assumptions that make
these calculations valid.

. GAA and GAG both encode glutamate. Explain degeneracy and a possible silent

substitution. Contrast this with inserting one base inside the translated region.
Calculate the number of possible six-base sequences on one defined strand. Explain
why knowing its complementary strand does not double the number of independent
positions.

Explain how conserved codon meanings support common ancestry. Distinguish
this from a claim that all organisms have the same base sequence.

B Worked answers

1.

. DNA: deoxyribose, A/T/C/G, typically two paired strands.

A phosphate circle links to a pentose pentagon; a base rectangle attaches to the
sugar. One complete three-component unit is a nucleotide, whereas the base alone
is only one component.

. At 2/) ribose has ~OH and deoxyribose has H instead. Both still contain oxygen

elsewhere, including in the ring. Label the compared carbon rather than replacing
every oxygen in the sugar.

. Draw an alternating sugar—phosphate chain with a base attached to each of three

sugars. Its backbone links are covalent phosphodiester bonds. Three separate
units need 3 — 1 = 2 new links in this stated linear condensation model.

RNA: ribose,
A/U/C/G, typically one strand. mRNA carries coding information; tRNA helps
match amino acids to codons, or rRNA forms part of ribosomes. Intramolecular
pairing can fold one continuous RNA chain without adding a second chain.

. T-A-C-G-C-T, aligned opposite the given sequence. Each base follows A—T or C—

G pairing; complementarity is a specific matching relationship rather than copying
the same letters across the pair.

. N = 2(800) = 1600 nucleotides. Ny = Nr = 0.28(1600) = 448. C and G each

make up (100 — 56)/2 = 22%, so No = Ng = 352. The sum is 1600; there are 800
pairs.

AUG-GAA-UUC-UAA gives methionine—glutamate—phenylalanine, then termi-
nation: three amino acids. The template pairs with the RNA; the coding strand
matches the RNA’s corresponding sequence except T replaces U.

. L =90/3 —1 = 29 amino acids; for 63 bases, L = 63/3 —1 = 20. Assume one

complete translated coding region beginning at initiation, one terminal stop and
no untranslated region or intron included in the count.

. Degeneracy means multiple codons can specify the same amino acid. GAA — GAG

preserves glutamate and can leave the amino-acid sequence unchanged. A one-
base insertion within the translated sequence can shift subsequent codon grouping,
though the exact effect depends on position and sequence.

10.

11.

N = 45 = 4096. There are six independent positions on the defined strand; each
paired base is then constrained. A finite molecule has finite capacity even though
varying sequence and length allow an enormous range of information.

Shared codon meanings are a conserved feature of the information-processing sys-
tem, consistent with descent from shared ancestors. Sequences can differ while the
same codon-to-amino-acid mapping is retained. The inference comes from a broad
pattern, not a requirement that every code variant be identical.

Exam tips

Identify sugar, phosphate and base separately. Distinguish backbone covalent
bonds from hydrogen bonds across a pair.

Count base pairs and total nucleotides carefully; state the strand or whole-molecule
conditions behind a percentage calculation.

Identify coding DNA, template DNA and mRNA before using codons. A stop
codon adds no amino acid; a whole gene is not automatically all coding sequence.

References: IB A1.2; Hershey and Chase, original research; Chargaff, original research.



