
PA-TSA Region 8 Coding - 2021

In the time of coronavirus, we have seen many medical achievements based on molecular biology which
would not have been possible without computational research. A major example is the next generation
mRNA vaccine which required identification of the specific RNA sequence which encodes for the spike
protein along with the ability to isolate and replicate it efficiently.

You will have a simple computational task which explores the “central dogma of molecular biology”

DNA RNA Proteins
Transcription Translation

You will write a program which converts a sequence of DNA into a list of corresponding proteins - under the
most ideal conditions. These are described on the following pages.

If you prefer pictures, be sure to visit the corresponding Wikipedia pages:
https://en.wikipedia.org/wiki/TATA_box

https://en.wikipedia.org/wiki/Initiator_element

https://en.wikipedia.org/wiki/Intrinsic_termination

https://en.wikipedia.org/wiki/Post-transcriptional_modification

https://en.wikipedia.org/wiki/Alternative_splicing

https://en.wikipedia.org/wiki/DNA_and_RNA_codon_tables

https://en.wikipedia.org/wiki/Amino_acid#Table_of_standard_amino_acid_abbreviations_and_properties
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Background Information

Transcription
During transcription, the enzyme RNA polymerase constructs a strand of RNA based on a sequence of
double-stranded DNA.

We know that DNA consists of sequences of the bases Adenine (A), Thymine (T), Guanine (G), and Cytosine
(C) while RNA consists of the bases Adenine (A), Uracil (U), Guanine (G), and Cytosine (C).

For simplicity, we describe a DNA sequence by the so-called coding strand corresponding directly to the
RNA sequence. As far as we’re concerned, the polymerase replaces thymine with uracil, leaving the other
bases the same. Thus, the DNA sequence AGGCTATC corresponds to the RNA sequence AGGCUAUC.

Starting
It turns out most DNA is not transcribed so we can ignore it when searching for proteins. Instead we need
to look for specific sequences called promoters - where RNA polymerase will bind to DNA.
A simple promoter sequence is

TATAAA

where transcription begins at the 25th base after the last A.
A more complicated one is the initiator element which is the class of 128 sequences formed by choosing one
from each set of parentheses in the following:

(C/T)(C/T)A(A/T/G/C)(A/T)(C/T)(C/T)

Here, transcription begins at the bolded A.

For our purposes, assume these 129 sequences are the only starting points for transcription. 1

Stopping
Transcription often ends with what is called an intrinsic or hairpin terminator:

−CGCGCGCGAAACGCGCGCGTTTTTTT

For our purposes, assume this is the only sequence which will end transcription. 2

Post-Transcription
The RNA sequences from transcription (called preRNA) are modified in a few ways before being sent to
ribosomes for translation. The most relevant is splicing in which segments which do not encode proteins,
called introns, are cut out.

Assume introns begin and end with their one of their two most common sequences

[cut]− GU(A/G)AGU− ...− CAG− [cut]

Once cut, the remaining segments, exons, will be reassembled in order - however some may be skipped
over. Assume the first and last will always be included and that all possible ordered exon combinations do
occur. For example, if we label a set of 5 exons HIJKL, then HL, HIL, HJL, HKL, HIJL, HIKL, HJKL, &
HIJKL are all possible. 3

1In reality, many more exist, they vary between organisms, and the process is regulated by other molecules.
2In reality, there are many similar combinations and additional methods of termination. This one works as the C and G

nucleotides form hydrogen bonds creating a hairpin shape which physically weakens the ability of RNA polymerase to hold the
RNA strand.

3In reality, the combinations are regulated by the presence of other molecules. This alternative splicing is considered to be
the primary method of gene expression. Other modifications include the addition of a cap and a tail of adenines.
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Translation
During translation, the RNA from above is translated into a protein structure at a ribosome using amino
acids delivered by tRNA molecules. This involves matching sequences of 3 base pairs called codons to amino
acids using the extensive table below.

This process always begins with placing Methionine at the sequence UGA and continues up to a stop
codon (UAA, UAG, UGA). This process can, of course, begin at multiple locations on the RNA strand.

Codon Amino Acid Mass (amu) Charge (e)
UUU Phe 147.1766 0
UUC Phe 147.1766 0
UUA Leu 113.1594 0
UUG Leu 113.1594 0
UCU Ser 87.0782 0
UCC Ser 87.0782 0
UCA Ser 87.0782 0
UCG Ser 87.0782 0
UAU Tyr 163.176 0
UAC Tyr 163.176 0
UAA STOP
UAG STOP
UGU Cys 103.1388 0
UGC Cys 103.1388 0
UGA STOP
UGG Trp 186.2132 0
CUU Leu 113.1594 0
CUC Leu 113.1594 0
CUA Leu 113.1594 0
CUG Leu 113.1594 0
CCU Pro 97.1167 0
CCC Pro 97.1167 0
CCA Pro 97.1167 0
CCG Pro 97.1167 0
CAU His 137.1411 1
CAC His 137.1411 1
CAA Gln 128.1307 0
CAG Gln 128.1307 0
CGU Arg 156.1875 1
CGC Arg 156.1875 1
CGA Arg 156.1875 1
CGG Arg 156.1875 1

Codon Amino Acid Mass (u) Charge (e)
AUU Ile 113.1594 0
AUC Ile 113.1594 0
AUA Ile 113.1594 0
AUG Met/START 131.1926 0
ACU Thr 101.1051 0
ACC Thr 101.1051 0
ACA Thr 101.1051 0
ACG Thr 101.1051 0
AAU Asn 114.1038 0
AAC Asn 114.1038 0
AAA Lys 128.1741 1
AAG Lys 128.1741 1
AGU Ser 87.0782 0
AGC Ser 87.0782 0
AGA Arg 156.1875 1
AGG Arg 156.1875 1
GUU Val 99.1326 0
GUC Val 99.1326 0
GUA Val 99.1326 0
GUG Val 99.1326 0
GCU Ala 71.0788 0
GCC Ala 71.0788 0
GCA Ala 71.0788 0
GCG Ala 71.0788 0
GAU Asp 115.0886 -1
GAC Asp 115.0886 -1
GAA Glu 129.1155 -1
GAG Glu 129.1155 -1
GGU Gly 57.0519 0
GGC Gly 57.0519 0
GGA Gly 57.0519 0
GGG Gly 57.0519 0

Table 1: The Codon Table - you will want to copy and paste this. Values given in terms of the Unified
Atomic Mass Unit (u) and elementary charge (e)

Detection
Proteins can be detected in multiple ways including mass spectrometry and gel electrophoresis. These involve
measuring the rate of rotation in a magnetic field or distance travelled in an electric field based on the charge
to mass ratio. These general purpose methods thus only require the charge and mass of the final protein
products. For our purposes, simply add the masses and charges of the amino acids from the table above and
report a list of those corresponding to each protein.
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Example
Example input DNA sequence

AGGCCTAATCCCAGAATCCCCCCAAA

ATGCATGUUAAAGTAAGTGCCAACAG

GAUGAUGTAAGTGAACCAAAAAACAG

CGAATGCATGUUAAATGAATCGCGCG

CGAAACGCGCGCGTTTTTTTCAGTTA

Sequence with important structure highlighted

AGGC(CTAATCC)CAGAATCCCCCCAAA

ATGCATCUUAAA[GTAAGT− GCCAA− CAG]

GAUCAU[GTGAGT− GAACCAAAAAA− CAG]

CGAATGCATCUUAAATGAAT(CGCGCG

(AACGCGCGCGTTTTTTT)CAGTTA

Preliminary RNA Sequence: contents between A in initiator element through the hairpin tail

AAUCCCAGAAUCCCCCCAAA

AUGCAUCUUAAA[GUAAGU− GCCAA− CAG]

GAUCAU[GUGAGU− GAACCAAAAAA− CAG]

CGAAUGCAUCUUAAAUGAAUCGCGCG

CGAAACGCGCGCGUUUUUUU

Introns Removed. 3 exons remain.
Combination 1: middle exon included.

...AUGCAUCUUAAA|GAUCAU|CGAAUGCAUCUUAAAUGA...

Proteins:

AUGCAUCUUAAAGAUCAUCGAAUGCAUCUUAAA

=MetHisLeuLysAspHisArgMetHisLeuLys, 1427.7516u, 4e

AUGCAUCUUAAA

=MetHisLeuLys, 509.6672u, 2e

Combination 2: middle exon removed.

...AUGCAUCUUAAA|CGAAUGCAUCUUAAAUGA...

Proteins:

AUGCAUCUUAAACGAAUGCAUCUUAAA

=MetHisLeuLysArgMetHisLeuLys, 1175.5219u, 5e

AUGCAUCUUAAA

=MetHisLeuLys, 509.6672u, 2e

Thus we report 3 unique proteins: 4

• MetHisLeuLysAspHisArgMetHisLeuLys, 1427.7516u 4e

• MetHisLeuLys, 509.6672u, 2e

• MetHisLeuLysArgMetHisLeuLys, 1175.5219u, 5e

Simple :)
4For reference, this hand calculation took ≈ 2 hours.
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Requirements
The goals for your program are as follows:

• Accept a sequence (string) of DNA (1-1,000,000 base pairs (characters) long), preferably from a file.

• Identify all promoter and terminator sites, creating a list of the substrings which will actually be
transcribed. [Be sure to catch all promoters (Promoter-Promoter-Terminator will have 2 transcribed
substrings). If the sequence ends after a promoter but before a terminator, assume that substring is
not transcribed.]

• For each transcribed substring, convert the Thymines to Uracils.

• For each transcribed substring, look for all intron start/stop sites. [Search for GUAAGU or GUGAGU

through the next CAG. For simplicity, assume the next intron start sequence begins after the stop of
the previous.]

• For each transcribed substring, create a list of all exons [everything before the first intron, each segment
between introns, everything after last intron; if no introns exist, then the entire string is one exon].

• For each transcribed substring, create a list of the strings for all possible exon combinations. [be sure
to always include first+last; also handle the case with no introns.]

• For each transcribed substring, for each exon combination, search for every start codon (AUG). Then,
for each, continue searching in threes for the next STOP codon (UGA, UAA, UAG). [Be sure to find all of
them (AUGCAUGCCUGACUGA will give you 2 proteins). If you reach the end of the string, assume that the
sequence will not be translated.]

• For each transcribed substring, for each exon combination substring, for each START-...-STOP sub-
string, convert the string into a list of amino acids, translating each set of 3 characters using the codon
table. Also calculate the total mass and charge of the resulting protein.

• Combine all the protein outputs into a single output listing all unique amino acid sequences, masses,
and charges as in the example [This is the only necessary output from your program].

You will be judged similar to the Nationals Coding rubric: how many of these criteria your program
implements (by testing it on specific sequences), how efficiently your program runs (how it scales to long
sequences), and the readability/creativity of your source code. Feel free to use any programming language.
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