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Rule to build by:  
To maintain homeostasis, animate structures must dispose of waste by converting it into a 

usable form. 
 

What:  
Both lysosomes and recycling plants convert waste into a usable form. The lysosome is 

an organelle which breaks down cellular debris (Plopper, 2016); and a recycling plant is a factory 
which converts items that would otherwise be waste into a new product (Environmental, 2016). 
 
How:  
 The lysosome (Figure 1) is one of many organelles in a eukaryotic cell. Macromolecules 
that have been damaged or are no longer needed by the cell, as well as foreign material, are 
tagged with a protein called ubiquitin (Clague, & Urbé, 2010). Ubiquitin is a small (8.6 kDa) 
protein found in all tissues of eukaryotic organisms. When covalently bonded to a 
macromolecule ubiquitin marks the macromolecule for degradation, causing it to be collected by 
the lysosome (Clague, & Urbé, 2010). Similarly, recycling plants collect waste through deposit 
programs, drop off locations, or curbside collection. Such as five-cent bottle deposit programs in 
Maine, California, Connecticut, etc., and trash pickup days which are common in many suburbs 
(Environmental, 2016). Once collected, the waste material is processed.  
           Lysosomes contain over 50 different digestive proteins known as hydrolytic enzymes. 
These enzymes are synthesized in the Golgi apparatus and tagged with mannose 6-phosphate 
(MP6), causing them to be sent to lysosomes. These highly specialized enzymes only function at 
pH 5 (Plopper, 2016). A proton pump (Figure 2) in the membrane of the lysosome transfers 
hydrogen ions from the cytosol into the organelle to maintain the low pH. The pH also acts as a 
safety mechanism. If the lysosomal membrane breaks down, the enzymes cannot function in the 
neutral pH of the cytosol (pH 7.2), so the interior of the cell is not damaged (Cooper, 2000). 
These hydrolytic enzymes are the processing machinery that uses hydrolysis to down 
macromolecules into simpler forms. Hydrolysis is a chemical reaction in which an existing bond 
is broken by the addition of a water molecule (Plopper, 2016). For example, in Figure 3, a 
polypeptide of glycine and alanine is broken down by the addition of water (Solomons, et al., 
2016). This process can break down proteins, carbohydrates, lipids, and nucleic acids into their 
constituent pieces (Plopper, 2016).  
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Waste in a recycling plant must also go through a series of processing steps. For example, 
all of the waste is cleaned, plastics and glass are melted and reformed, polystyrene is crushed and 
reshaped, and paper goods are returned to a pulp (Environmental, 2016). Similar to how 
hydrolytic enzymes break down macromolecules using hydrolysis, the paper is also broken down 
by the addition of water. However, unlike in hydrolysis, covalent bonds do not need to be broken 
in the recycling of paper. For this process (Figure 4), recycled paper is used as the “raw material” 
instead of the typically used wood chips. First, the recycled paper is mixed with water and turned 
into a slurry. This slurry is then centrifuged, passed through screens, and treated with surfactants 
to separate the fibers, and remove any contaminants. The pulp is then rolled onto a fine wire 
screen and allowed to dry into fully recycled paper (Archive, 2016). Once processing is 
complete, the new product has been formed, and can be distributed (Environmental, 2016).  
           The product of lysosomes is the monomers of macromolecules. For example, amino acids 
are the monomers of proteins, nucleic acids are the monomers of DNA and RNA, fatty acids are 
the monomers of lipids, and sugars are the monomers of carbohydrates. These monomeric 
products are released into the cytosol and are used by the cell to synthesize new macromolecules 
(Plopper, 2016). The products of human recycling can be extremely varied, a few examples 
include plastic bags, paper goods, steel cans, carpeting, and glass containers. These newly 
recycled products are then sold and used by consumers (Environmental, 2016). Overall, both 
lysosomes and recycling centers collect, process, and convert waste into a usable form. 
 
Why:  
 The ability to convert waste into a usable form has provided both lysosomes and 
recycling plants with an evolutionary advantage and a wider function which is essential to 
survival. Lysosomes break down foreign and potentially pathogenic material that could be 
harmful to the cell (R & D, 2020). Human waste is often dirty, and proper sanitation has greatly 
increased human life expectancy (Friends, 2018). Therefore, recycling centers are as vital to 
keeping the population healthy as lysosomes are to keeping cells healthy. Lysosomes are so vital 
that mutations in the genes which encode them can cause more than 30 different diseases. The 
most common of these is Gaucher’s disease, which results in abdominal pain, skeletal 
deformation, and blood disorders because the cell cannot break down glycolipids (Mayo, 2017). 
           Like all natural resources, the number of monomers in a cell from which biological 
compounds can be made is limited. If the lysosome does not free the monomers for repurpose the 
cell will be unable to maintain homeostasis. For example, if the amino acid needed to synthesize 
a protein is not present, then the protein cannot be made. If said protein is necessary to the cell, 
then the cell may die (Cooper, 2000). Similarly, recycling conserves natural resources. All 
human-made products require the extraction of raw materials from the earth. However, products 
made from recycled goods reuse natural resources, which decreases the need for extraction, 
saving money. (Environmental, 2016). For example, recycling glass is cheaper than creating new 
glass and reduces the need for additional sand. Creating new metal items requires mining, 
recycled metals are already extracted and processed, which saves money, and reduces the need 
for mining. Likewise, recycling plastic decreases the use of fossil fuels, and recycling paper 
reduces deforestation. All in all, reducing the number of natural resources used saves money and 
lessens the disruption of natural habitats (Friends, 2018).  

Another advantage of recycling is saving energy. Recycling macromolecules that exist 
inside the cell uses much less energy than importing molecules from elsewhere to be degraded 
(Plopper, 2016). Likewise, human recycling saves energy which lowers the carbon footprint 
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(Environmental, 2016). Everything humans use from clothes, to packaging, to computers, 
requires the use of natural resources which will eventually run out (Friends, 2018). Therefore, 
recycling is essential to keep society functioning normally. 

 
Figures: 

 

 
Figure 1: A Eukaryotic Cell. This illustration identifies a lysosome within a eukaryotic cell and 

includes an enlarged image of the lysosome in action. Lysosomes are small compared to an 
entire cell, the MP6 tagged enzymes (proteases, in blue) within a lysosome break down soluble 

proteins.  
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Figure 2: The lysosomal proton pump. This figure depicts the lysosome of a eukaryotic cell. 

Notice how the lysosome includes a proton pump which hydrolyses ATD into ADP in order to 
maintain a pH of 5 inside the organelle. (Figure from Cooper, 

https://www.ncbi.nlm.nih.gov/books/NBK9953/) 
 
 
 
 
 

 
Figure 3: Hydrolysis. This figure shows the mechanism for hydrolysis. A peptide bond between 

guanine and alanine is broken by the addition of a water molecule. (Original artwork by the 
author). 
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Figure 4: Paper recycling process. This diagram shows how paper is recycled. This process 
includes adding water to form a pulp slurry, centrifugation, filtration, treatment, rolling, and 

finally drying to form recycled paper. (Original artwork by the author). 
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