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Metabolic pathways: investigating the biology & chemistry of pigmentation  

1. Introduction 

The resource is aimed at A level pupils (UK system; 16 – 18 years of age), with some concepts which could also be used to challenge the best students at GCSE. Using pigment production as an example, the resource covers fundamental concepts of enzyme function and enzymatic/metabolic pathways, gene function, interpreting data/results and evolution. 

1.1. Overview of lesson 

The resource starts with the phenomenon of human skin colour, the advantages and disadvantages of dark and light skin, which may explain why they are distributed differently across the globe. By identifying melanin as the pigment responsible, the lesson raises the question of how such complex organic molecules can be produced, leading over to enzymes, and enzymatic/metabolic pathways. Fundamental principles of these pathways are explained, and then Drosophila eye pigmentation is used as an example to illustrate how genetics and biochemistry are used in combination to unravel metabolic pathways. For this, pupils are given chromatography results of normal and mutant flies which display changes in their eye colours and work out the enzymes affected by the respective mutations. This understanding is then related back to the initial question of human skin pigmentation: (1) first comparing and contrasting metabolic pathways of fly eye and human skin pigments, then (2) understanding how skin tone can be changed as the outcome of genetic alterations of the metabolic pathway and, eventually, (3) how evolutionary selection processes can explain the different distribution of skin colour across the globe. This resource is accompanied by a worksheet for the chromatography analysis and a homework task recapitulating some areas of the lesson and beyond, but also helping students revise and consolidate knowledge from several areas.

1.2. Addressed specifications of the curriculum

· Enzyme action 
· Genetic diversity and adaptation

· Evolution and natural selection 

· Regulation of transcription and translation

· Chromatography as a technique for separation and identification of compounds 
· Refer to the specifications document for curriculum points 
1.3. Learning objectives 

· Understand the role of biochemical pathways in producing substances

· Recall the one-gene -one-enzyme/polypeptide hypothesis

· To analyse data from paper chromatography 

· Understand the link between phenotype and genotype 

· Appreciate and predict the effect of mutations on biological processes and phenotypes of organisms  

· Understand how model organisms such as the fruit fly Drosophila can provide insight into human biology  

· Link the ideas of mutation, variation and evolution 

1.4. Required resources
· Chromatography activity sheets (printed in colour)
· Rulers 
· Calculators 
· Images of eye colour mutants (part of PowerPoint presentation) or:
· Microscopes for work in pairs
· Dish mounted with fly specimens in the following order – brown245, white1118, sepia166 wildtype (all available from flystocks.bio.indiana.edu, or request from: Sanjai.Patel@manchester,ac.uk)
· Homework sheets printed for each student 
1.5. Risk assessment

A risk assessment for this lesson is provided in the accompanying document “MetabolicPathwaysRiskAssessment.pdf" 

2. Lesson contents 
More detailed explanations including all images and animations are available online and can be used for lesson preparation, revision and homework tasks:  droso4schools.wordpress.com/l4-enzymes.
2.1. Why are there different skin tones in humans? (5 minutes)

This section introduces the topic of skin pigmentation and the reasons for pigment in the skin. Students learn that the geographical distribution of different skin tones is likely related to the risks and benefits of sun exposure. Students learn about melanin as the responsible pigment. Students may wrongly assume that melanin is a protein because it is derived from the amino acid tyrosine, but should be reminded of the peptide bonds typical of proteins which clearly differ from the structure of melanin. Students should realise that such an organic molecule has to be the product of enzymatic function.

· For more information see sections 1 and 2 of the webpage [LINK].
2.2. Understanding enzyme function and metabolic pathways (10 minutes) 

This section furthers the understanding of enzyme activity that students should know from their GCSE level contents, such as the "lock-and-key" model, the "one-gene-one-enzyme" hypothesis, "induced-fit" model, feedback inhibition and different forms of metabolic pathways. To extend on this, the online resource also explains the concept and classification of co-enzymes.
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The above concepts are explained via simple animations which are looped, so that they can be viewed repeatedly and explained in parallel. After this section, students are equipped to understand the principle ideas behind metabolic pathways that mediate, for example, the production of melanin. 

· Refer to Section 3 of the webpage for more information [LINK].
Pupils are next introduced to principle strategies that can be used to study metabolic pathways, in particular the principles of genetic analysis of enzymatic pathways. A first question also aims at reminding pupils of the use of chromatography (which should be known to them) to detect the presence or absence of chemical substances, but this will be discussed in greater detail later on.

· More details can be found in Fig, 7 in Section 4 of the web resource [LINK]
2.3. Drosophila eye pigmentation as an example of a biochemical pathway (10 minutes)

Before explaining the regulation of melanin in humans, the pigments in the Drosophila eye are used as an example for concrete metabolic pathways. These can be studied using mutations of the genes which encode transporter proteins or enzymes involved in pigment production, and these mutations cause changes in eye colour that can be easily seen and understood by pupils.
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Drosophila has compound eyes which are very different from human eyes, as is illustrated in the diagram provided in the resource. The diagram also highlights the pigment cells which contain the pigment granules where the pigments are produced and stored. Pigment cells surround ommatidia to make sure that the light that enters a particular lens is restricted to the photoreceptor cells of that same ommatidium. 
Drosophila eye colour is comprised of two pigment classes – Ommochromes (brown) and Pteridines (red). The metabolic pathways of both pigment classes require two major steps; (1) specific precursor substrates are imported into pigment granules via transporter proteins; (2) branched chains of enzymes produce several final pigments from that single precursor; this lesson will focus on the various Pteridine pigments (Biopterin, Drosopterin, Sepiapterin) which are all made from GTP as common precursor. As an example to illustrate how components of these pathways affect eye colour, the examples of the transporter protein components Brown and Scarlet are given: taking out the brown transporter gene eliminates GTP import and, in turn, removes the red colour component, so that eyes appear brown (and vice versa for scarlet which eliminates Tryptophan import). 
· For more information, refer to Fig. 12 in Section 5 of the webpage [LINK].

2.4. Genetic dissection of metabolic pathways (20 minutes)
Students are first reminded of the principles of paper chromatography: the chromatography set-up, the theory of separation by affinity, and the calculation of the retardation factor Rf to identify specific compounds.
· More details can be found in Fig. 11 in Section 5 of the web resource [LINK]
Next, the students use information from chromatograms of different eye colour mutants and perform microscopy (or use provided images) to analyse their eye colours. Then they combine this information to determine which enzyme or transporter protein is non-functional in each case. Details of this activity are given in the accompanying worksheet (“ChromatographyActivitySheet.pdf") to be handed out to students during the lesson. 
· The resolution of the experiment is explained in Fig. 12 of Section 5 of the web resource [LINK]
Students should work though the worksheet to identify which enzyme is non-functional in each of the mutants.

1. Students calculate the Rf values of the three pigment dots and compare their results with values in the table to identify which pigments the dots contain.  This provides opportunity to remind students of the procedures and revive GCSE knowledge.

2. Students fill in the fly A (wildtype) column of the table with the pigments they identified, which can be displayed step-by-step on the board. 
3. Students compare the identified pigments in fly A with fly B and C to identify which pigments are missing, and fill this into the table.

4. Students describe the eye colour of the flies: (i) dark brown (sepia), (ii) white, (iii) normal red. 

5. Students match the eye colours with the chromatograms and enter results in the table (Fly A to iii, B to i, C to ii).
6. Finally students work out the enzyme or transport protein which is non-functional in each fly and cross it out in the diagram of the activity sheet. The PowerPoint presentation guides through the answers.  The solutions are as follows: in fly B there is no red pigment (Drospterin) therefore enzyme 2 which produces it must be non-functional and is crossed out and labelled as "fly B". Fly A is the wildtype with no pigment missing, and fly C is a white mutant with no pigment present. Speculate with students how this can happen; the only possibility is loss of the function of the channel protein 2 (the white gene).
2.5. Apply what was learned about eye pigmentation to human skin tone (10 minutes)
Genetic dissection of metabolic pathways can also be used to understand different skin tones in humans, thus linking back to the initial question raised at the start of the lesson. The diagram provided in the resource shows the pathway for production of two types of melanin, and it is explained that it is the type and concentration of melanin which determines the skin tone.
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Ask students how differences in skin tones could be produced. They should come up with the idea of mutations in enzymes, but perhaps also the idea that some enzymes become more efficient or are more abundant - in each case achieving a shift in the balance between the different types of melanin. You may want to ask how the abundance of certain enzymes could be changed, guiding them towards the idea of "differential gene expression" including transcriptional or translational regulation.
This leads over to the Melanocortin Receptor 1 (MC1R) which controls the balance within the metabolic pathway of melanin and is under the hormonal control of MSH and ASIP.

· Detail in Fig. 14 in Section 6 of the web resource [LINK] 

This knowledge can then be used to speculate about the mechanisms that may explain the phenomenon of the geographical distribution of skin tones across the globe, posed at start of the lesson. Students should speculate about evolution and selection for advantages provided through changes in gene regulation or protein function. 

· Details in Fig. 14 and accompanying text in Section 6 of the web resource [LINK] 
A final example is intended to make students re-think the learning outcome, by confronting them with an apparent exception to the rule: indigenous inhabitants of the artic have dark skin despite living in low UV conditions in the arctic (due to low solar elevation and high ozone content which absorbs the UV). Students should realise that more factors may come to play. In this case, the conundrum can be explained through the consumption of fish as the predominant food source which is rich in vitamin D and makes the benefit of sun-light obsolete.
Describe key features of branched metabolic pathways!


Branched metabolic pathways require a number of different enzymes


Multiple products can be produced from one common precursor


If an enzyme is non-functional in a linear pathway, no product is made; if the enzyme affects only one branch of a branched metabolic pathway only that specific product is affected.   








Compare and contrast a fly's compound eye and a human lens eye!


Similarities 


Both use lenses 


Both have light-receptive cells


Both send information through an optic nerve


Differences 


Compound eyes are composed of hundreds of ommatidia (small groups of photoreceptor cells that share a small lens)


Lens eyes have all photoreceptors in one undivided retina, all sharing one common lens





Compare and contrast human and Drosophila pigment synthesis?


Similarities 


Branched pathways: multiple products from common precursors 


Colour is produced form colourless precursors


Both occur in pigment cells  


Differences 


Melanin has only 2 products and Pteridines have 3


The pigments have different colours/ structures 


One happens in the eye the other in the skin 


.   











