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[bookmark: _tzw23m6170pj]Daisy’s Doula Job
[bookmark: _ty31jhbo5sf2]The case study context
Daisy is a third-year undergraduate student, majoring in Biochemistry. After her mother passed away at a young age, Daisy was raised by her maternal grandmother, who served the Appalachian community as a doula*. Inspired by her grandmother, helping women and families during their pregnancy journey, Daisy received her doula certification after high school. Every summer Daisy volunteers with a well-established doula organization. In this role, she provides essential support and care to pregnant women in child-birth and postpartum care. This summer was particularly memorable and challenging for Daisy. She was hired by a family who recently had a baby girl.
The baby was delivered normally with no complications; however, the baby’s head circumference was smaller than normal and she had red patches all over her skin. Additionally, she developed a seizure shortly after birth. The doctor suspected that the baby had a disorder called microcephaly capillary malformation (MIC-CAP) syndrome and performed some blood work to confirm the diagnosis. The new parents were not sure how to handle this news. Sensing the distress of the family, Daisy felt a strong sense of responsibility to help ease some of their anxiety. She decided to learn more about this condition and then provide the family understandable information, potential outcomes, and available support systems so that the new parents could make informed decisions and navigate the challenges ahead.
This case study follows Daisy as she learns more about this condition, focused on understanding what may have caused the baby to have MIC-CAP syndrome. 
[bookmark: _6w12meksdvmw]Part I: Understanding ubiquitin and deubiquitinating enzyme
[bookmark: _t69twgvi1ig]Daisy scoured medical journals and online resources to gather accurate information about MIC-CAP syndrome. She came across a paper titled “Mutations in STAMBP[footnoteRef:1], encoding a deubiquitinating enzyme, cause Microcephaly-Capillary Malformation syndrome” by McDonell et al., 2013.1 Daisy recalled studying about ubiquitin (Ub)[footnoteRef:2] protein in one of her biology classes and that ubiquitin-proteasome system maintains protein balance in cells. She looked up the information and videos that her instructor had shown in the class: [1:  STAMBP: STAM binding protein, where STAM stands for Signal Transducing Adaptor Molecule]  [2:  Ub: ubiquitin
* Doula: A non-medical professional who guides and supports another person through a significant health-related experience, e.g., pregnancy, childbirth, post-partum care.] 

[bookmark: _arfqshaksebx]Ubiquitin: https://pdb101.rcsb.org/motm/60  
Proteasome: https://www.youtube.com/watch?v=TgOe7aPVpoM

Unsure about the deubiquitinating enzyme (DUB), Daisy figured out that DUB removes ubiquitin from target proteins to regulate ubiquitination, leading to protein degradation. There are different families of DUB. These DUBs play key regulatory roles in cellular processes by replenishing the free ubiquitin pool in the cell. Maintaining a free ubiquitin pool is important to keep balance in the cells for their proper functioning and to generate signals in response to environmental change or damage to biomolecules.

Answer the following questions:
Q1. Read the abstract (https://pubmed.ncbi.nlm.nih.gov/23542699/) and/or the description of this condition in OMIM (https://omim.org/entry/614261) and briefly describe what causes MIC-CAP syndrome?


Q2. How does ubiquitin participate in protein degradation? Hint: Refer to the MotM article https://pdb101.rcsb.org/motm/60 to learn more.


Q3. In proteasomal degradation, what protein acts as a deubiquitinating enzyme to remove ubiquitin from a target protein? Where is this enzyme found? (Hint: Refer to the video).


Q4. What is a deubiquitinating enzyme? Why is it important?


[bookmark: _xz58a7m6gu22]
[bookmark: _s1bru9ybkfh7]Part II: Understanding the role of STAMBP 
Knowing that STAMBP protein is a deubiquitinase or DUB, Daisy was curious to understand how STAMBP is associated in maintaining balance of protein production and breakdown. She explored a few bioinformatics data resources to learn more about the function of STAMBP.
1. [bookmark: _rfb4x21e7z9q]From the Literature
Daisy investigated the paper McDonell et al., 2013 and learned that the deubiquitinating enzyme STAMBP is also known as AMSH (short for “Associated molecule with the SH3 domain of STAM”). It has different domains, and is involved in protein degradation. Based on a figure in the paper she read, Daisy made a quick schematic sketch of the protein domains from the N- to C-terminus (left to right, Figure 1), listing their names, abbreviations, and key functions.
  [image: ]
Figure 1. AMSH consists of the MIT, SBM and JAMM domains responsible for interacting with different components of ESCRT machinery. 
The AMSH protein’s domains include:
· [bookmark: _fxk4l8mpqn6a]MIT[footnoteRef:3] (microtubule interacting and transport) domain that interacts with specific ESCRT-III proteins (CHMP3-charged multivesicular bodies 3)[footnoteRef:4],  [3:  MIT: Microtubule Interacting and Transport]  [4:  CHMP3: CHMP3-charged multivesicular bodies 3, which is a part of ESCRT-III ] 

· [bookmark: _qas7du8i8r7o]SBM[footnoteRef:5] (SH3-binding motif) that interacts with STAM of ESCRT-0, and  [5:  SBM: SH3 binding motif ] 

· [bookmark: _egfzbvplk7b7]JAMM[footnoteRef:6] (JAB1/MPN/MOV34 motif) domain, also referred to as the catalytic domain, that interacts with the Lys63-linked polyubiquitin chain[footnoteRef:7] and shortens the ubiquitin chain.  [6:  JAMM: JAB1/MPN/MOV34 motif, responsible for cleaving Ub chains.]  [7:  Lys63-linked polyubiquitin chain: Ubiquitin chain in which Lys63 of one ubiquitin is attached to the terminal carboxylate group of another ubiquitin.] 

[bookmark: _gc0m4q97xhoa]While Daisy knew that deubiquitination had a role in protein degradation, she was surprised to learn that STAMBP is recruited by the endosomal sorting complexes required for transport (ESCRT)[footnoteRef:8] machinery too. This machinery is involved in sorting of membrane bound compartments, also known as endosomes. Interestingly endosomes are directed to lysosomes for degradation (unlike ubiquitin tagged proteins, which are sent to proteasomes). [8:  ESCRT: endosomal sorting complexes required for transport] 

2. [bookmark: _fdjhu7clej62]From UniProt
To learn more about the ESCRT machinery and the involvement of STAMBP, Daisy decided to explore the UniProt page for this protein. She also remembered that in her cellular and molecular biology course, she had learned about the KEGG database.  She decided to check that out too, to learn more about this protein. 
1. Go to UniProt (https://www.uniprot.org/) and type STAMBP or AMSH in the search box. In the results returned, search for the human STAMBP protein. 
Q1. What is the UniProt identifier for the human STAMBP?


Q2. What is the co-factor that this enzyme requires? (Hint: Scan the UniProt page to find this answer)


[bookmark: _o05a499syuyp]3. From KEGG
1. Scroll down to the annotation databases section of the UniProt page to find a link to KEGG or in a fresh browser tab open the KEGG Pathways resource, and type STAMBP in the top search box. The results should look similar to the following:
[image: ]
Figure 2. KEGG Pathways STAMBP search results  
Q1: What is the name of the pathway in which STAMBP is involved? (You can click on the entry and read the description).


Note: The other name for STAMBP is AMSH[footnoteRef:9], associated molecule with the Src homology 3 domain of signal transducing adaptor molecule. [9:  AMSH: associated molecule with the Src homology 3 domain of signal transducing adaptor molecule.   ] 

2. Click on the pathway map, which will expand the pathway. Go to the bottom of the pathway, which shows ESCRT machinery.
Q2: List the ESCRT components that play a role in STAMBPs function in sequential order. Also record how many times AMSH is involved in the ESCRT machinery.   


Q3: Take the screenshot of the STAMBP interactions in the pathway and paste it here.



2. [bookmark: _dk8xh432l843]As you examine the pathway, note the name of the protein that acts along with STAMBP (AMSH) protein. Click on the protein name in the map to identify it.
[bookmark: _jvrci1nywpz0]Q4. What protein is seen in the pathway diagram to be working along with the STAMP protein? What is its function?
[bookmark: _nx1kl5xmr2ul]
[bookmark: _2l16mx3wwctd]
[bookmark: _ukvn2pupc6aq]Overview of STAMBP function
[bookmark: _nxqm88x4gn2a]Daisy’s understanding was that degradation and recycling of cellular materials are critical to maintain cellular balance. The cell is constantly synthesizing proteins and removing the ones that are mutated or inactive, maintaining the equilibrium of proteins. Degradation is accomplished via ubiquitin-triggered endosomal or proteosomal mechanisms. The figure below summarizes the endosomal system, in which membrane proteins and cell-surface receptors are sorted to the lysosome for degradation. 

[image: ]
[bookmark: _3fsxtvj1vk7k]Figure 3: Involvement of ubiquitination and the ESCRT machinery in the formation of multivesicular body. (Adapted from Schmidt et al., 2012)2
Some cell-surface receptors are degraded via lysosome and the process is carried out by the ESCRT machinery, which consists of four different assemblies, ESCRT-0, -I, -II, and -III. When the cell surface receptors are damaged, they are internalized via endocytosis and the cytosolic part of the internalized receptor gets polyubiquitinylated. This polyubiquitin chain recruits the ESCRT machinery. The ubiquitinylated receptors are shuttled from ESCRT-0 through III, in order, resulting in the formation of a multivesicular body (MVB)[footnoteRef:10]. The newly formed MVB then fuses with the lysosome, delivering the ubiquitinylated receptors. Before forming an MVB, the ESCRT-III recruits a deubiquitinating enzyme, STAMBP (AMSH), to remove ubiquitin from being destroyed in the process. STAMBP is also recruited at ESCRT-0; however, its exact function is not known. In this way, STAMBP is involved in maintaining and regulating cellular protein balance.  [10:  MVB: multivesicular body] 

Q5: Briefly describe how the STAMBP regulates the levels of ubiquitin and proteins in cells?



[bookmark: _9ecscwcmbw2n]Part III: Exploring the structure(s)
[bookmark: _lrpt2tha7gnl]After understanding how the deubiquitinating enzyme STAMBP (AMSH) is involved in protein degradation, Daisy decided to look at the structure of AMSH and how its functions are carried out. 
[bookmark: _af2uy5hm8m5z]Note: From here onwards this protein will be referred to as AMSH. 
[bookmark: _42zzqf87cugq]Using data from the PDB and the Mol* visualization tool
1. Go to the RCSB Protein Data Bank (https://www.rcsb.org/). In the query box at the top of the webpage, search for the gene name AMSH and click on one of the structures belonging to homo sapiens.
2. Examine the information presented on the structure summary page for each structure 
Q1. For the first structure in the results page, open the structure summary page and fill out the following table.
Table 1: PDB summary at a glance for AMSH.
	PDB ID
	 

	Description 
You can include the title of the PDB
	

	Organism(s)
	 

	Biological assembly
You can find this info under the “Biological Assembly” section in the “global Stoichiometry” subheading
	

	UniProt Accession code
You can find this info under the “macromolecules” section
	 

	Names of molecules present in the structures.
You can find this under the “macromolecules” section as entity ID
	 



The title of the PDB entry suggests that the structure is that of only part of the protein (i.e., the catalytic domain). Daisy wanted to learn about the whole protein so she decided to take a holistic view of AMSH.
3. Open the structure summary page of the top structure in the results page and click on the “Explore O95630” tab under the “macromolecules” section Entity ID: 1 (Figure 4). This will give you all the PDB entries that have a portion of the protein sequence associated with that ID number. 
[image: ]
Figure 4: Macromolecules section of the structure summary page
4. Click on “explore sequence alignment in 3D” (Figure 5), which will allow you to view the entire protein structure of AMSH. All structures matching this UniProt accession code as well as the model predicted by AlphaFold are shown here.
[image: ]
Figure 5: Group summary page for the AMSH protein

5. Once the side-by-side panels open up you can move your mouse to rotate the protein and see it from different angles. You can reset the molecule using the refresh button [image: ]on the top right.
6. Click on selection tool [image: ]in the vertical menu of the Mol* viewer’s 3D-canvas which brings the following selection panel on the screen (at the top of the 3D canvas). Make sure that the leftmost criteria is set to “Chain” (labeled 1), not “Residue”.
7. Click on the structure which highlights the entire structure. Then click on the paintbrush symbol (labeled 2) to choose color “Black” (labeled 3) and click “Apply Theme” (labeled 4) in Figure 6.
[image: ]
Figure 6: Steps to color the protein chain in Mol*
8. Refer to the domain map in Part II (Figure 1), select the residue ranges for each domain, and color them as shown in the domain map. For instance: 
1. Set the leftmost criteria to “Residue”. 
2. Click on the residue number 1 followed by shift-clicking residue number 112. This will highlight the entire MIT domain. Color it red.
3. Follow similar steps to color the SBM domain orange and JAMM domain blue (to match the domain colors in Figure 1).

Q2: Insert the screen capture of the entire protein with domains/motifs shown in different colors here. Label the N- and C-terminal domains in this structure. 



Q3: Compare the predominant secondary structural elements between the MIT domain and JAMM domain.


Since the JAMM domain of AMSH is involved in binding to a polyubiquitin chain and cleaving the chain, Daisy was interested in visualizing how the JAMM domain binds to ubiquitin chain. Unfortunately, her initial search of the PDB archive did not find any structure where the catalytic domain of human AMSH was bound to Ubiquitin. Daisy remembered that her Biochemistry professor had explained how scientists frequently studied the structures of proteins from model organisms to learn about the structure and function of a human protein. 
While exploring the PDB, Daisy had come across the structure of a yeast AMSH protein, referred to as Sst2. There was a structure of Sst2 bound to a Lys-63 linked diubiquitin chain. However, before looking at the crystal structure, Daisy decided to compare the sequence of the human AMSH and yeast Sst2 proteins to see if they were closely related. If so, she could use the yeast protein structure as a model for the human one. 
[bookmark: _ektce2s8janj]Comparing JAMM domain primary structures (human AMSH vs yeast Sst2) 
1. Go to http://www.uniprot.org
2. In the search field, enter “human AMSH” and check the box next to entry O95630 to select it. This sequence should now be added to the selection (see basket icon on top right of the page)
3. Then enter “Sst2” in the search field and from the results returned, check the box next to AMSH-like protease sst2 from Schizosaccharomyces pombe (Q9P371, labeled 1) then click on “Add” (labeled 2) - see Figure 7
Figure 7: Selecting the human AMSH and yeast Sst2 proteins for sequence comparison.[image: A screenshot of a computer

Description automatically generated]
4. Click on the “Tools” icon on the left corner of the page and click “align” (labeled 3) from the dropdown menu. Then click “run align” on the bottom right corner of the page.
5. After the alignment is completed, click on the word “completed” under the “status” column.
6. Next to the “view”, click on the “wrapped” option, not “continuous.”
 Q1: Take a screenshot of the displayed alignment and paste below.



Note the following:
· The top row shows the amino acid sequence of the human AMSH protein, while the bottom line shows that of the yeast Sst2. 
· The amino acids 257-388 in the human AMSH, form the JAMM domain. (i.e., are conserved from yeast to humans. 
One amino acid mutation that causes MIC-CAP syndrome is Thr313Ile (or T313I).

Q2: What is the corresponding amino acid in the yeast Sst2 protein? Is residue the same or different? Write the residue number for Sst2.


[bookmark: _y2xixs4bni24]Part IV: Connecting structure to function
After discovering that Sst2 and AMSH have similar catalytic JAMM domains, Daisy decided to explore Sst2 bound to ubiquitin structure since the structure of AMSH bound to ubiquitin was not known. 
[bookmark: _pcl1w9bfm3lp]Exploring the JAMM domain of Sst2 bound to ubiquitin. 
1. Go to the RCSB Protein Data Bank (https://www.rcsb.org/). In the query box at the top of the webpage, input “Sst2” and search for the structure in complex with Lys63-linked diubiquitin. Use the information presented on the structure summary page for each structure to fill out the following table.
Q1. Fill out the following table:
Table 2: PDB summary at a glance for Sst2-Ub complex.
	PDB ID
	 

	Description
You can include the title of the PDB
	

	Organism(s)
	

	Structure of the biological assembly
You can find this info under the “Biological Assembly” section in the “global Stoichiometry” subheading
	 

	UniProt Group
You can find this info under the “macromolecules” section
	 

	Names of molecules present in the structures.
You can find this under the “macromolecules” section as entity ID
	



Visualize this structure and its components. Color each polymer chain in a different color of your choice and examine their interactions using the following steps: 
2. Click on the structure (labeled 1). It will take you to the Mol*canvas (Figure 8).
3. On the Mol* viewer canvas, go under the “Components” (labeled 2) panel on the right, hide water (labeled 3) in Figure 8.
[image: ]
Figure 8: Visualizing the structure of Sst2 bound to ubiquitin.
4. Click on selection mode [image: ] (labeled 2 in Figure 8) and bring the following selection panel on the screen. Change the leftmost selection criteria “Residue” to “Chain.”
5. Make sure that the topmost blue banner information is set as shown below:
[image: A screenshot of a computer

Description automatically generated]
Figure 9. Selecting the chains of interest in Mol*
6. Click on the sequence (labeled 1 in Figure 10) and the entire AMSH-like protease should highlight. Click on the paintbrush symbol to choose color “Blue” and click “Apply Theme”. 
[image: ]
Figure 10. Selecting and coloring a protein chain in the structure. 
7. Look at the blue banner information and click on the tab that says AMSH-like protease. You will see a dropdown menu. Click on ubiquitin and repeat steps 6-7 and change the color to green. Label this ubiquitin as “Ubiquitin 1.”	[image: A computer screen with a red mark

Description automatically generated]
Figure 11. Selecting and coloring the ubiquitin protein chains. 
9. Repeat steps 6-7 with the second ubiquitin (Label as “Ubiquitin 2”) and change the color to orange.
Q2. Insert the screenshot of the JAMM domain of Sst2 with two ubiquitins.



10. Change the “Chain” to residue on the selection panel and turn off the selection mode (see Figure 12).
[image: ]
Figure 12. Options to change the selection level and turn off the selection mode. 
11. Look at the blue banner information and make sure it is set to AMSH-like protease. Click on residue which corresponds to Thr313 in human AMSH, on the sequence and explore its interaction. Look at the bottom right corner of the Mol* 3D canvas to confirm the correct residue is selected. This should select the amino acid, center on it, and display the interactions in the neighborhood of this amino acid.

Q3: What is the nature (hydrophobic, hydrophilic, charged, aromatic) of this amino acid?


12. Click on the sliding tab (labeled 1) under components to get a dropdown menu. Click on non-covalent interactions (labeled 2), turn off all the interactions, and turn on ionic, hydrogen bonding and hydrophobic interactions (labeled 3) - see Figure 13.
[image: A screenshot of a computer

Description automatically generated]
Figure 13. Steps to selectively turn on the display of specific bonds 

Q4: How many interactions does the side chain of selected residue make, and with what residues? (Hint: Hover over the interacting residues and read the name and number of the residue displayed at the bottom right corner of the 3D canvas). Please write Ub if it is a residue from ubiquitin. Support your answer with a labeled figure. (Hint: to identify the type of bond, you can hover over the dashed lines representing each interaction that the selected residue makes and look in the bottom right corner of the 3D canvas to see details about it.) 



[bookmark: _owc3gr1eb48m]Transferring understanding to the human AMSH protein
Based on what you learned from the sequence alignment in Part III, answer the following questions. 

Q1: Can Thr313 of AMSH form similar interactions with ubiquitin as corresponding residue of Sst2 that you examined above?


Q2. In MIC-CAP syndrome, Thr313 is mutated to Ile. Draw the structure of Thr and Ile. What property does Ile have and how does the mutation affect non-covalent interactions with ubiquitin? [Hint: Find the structures of Thr and Ile from either the PDB’s chemical component dictionary (ligand) or a website like PubChem and include them in your answer]
	
	








	Ile
	Thr




Q16. What would be the effect of loss of hydrogen bonds of AMSH with ubiquitin?


[bookmark: _6r243sn2ovgl]Part V: Relating structure-function knowledge to microcephaly and seizures
Daisy reflected on all the things that she had learned …
· The newborn baby girl had microcephaly - characterized by a small head size. 
· A possible reason for the small head size could be abnormal apoptosis (or cell death) in the brain before birth, leading to neuronal loss, and disruption of normal brain development. 
· Such neurological impairment could also lead to seizures and a shortened life-span. 
· At a molecular level, ubiquitinylated proteins are destined for destruction (via the proteosomes and endosomes/lysosomes). 
· Deubiquitination enzymes (e.g., STAMBP/AMSH) regulate the ubiquitin tagging of proteins and play an important role in neuronal cell formation/maturation during brain development.  
· Mutations in AMSH (seen in MIC-CAP syndrome) affects the machinery involved in degrading proteins, which may lead to cell damage and cause apoptosis
—------------------
Definition of key terms used here: 
apoptosis: a series of steps that leads to death of abnormal or unwanted cells. 
seizures: a sudden abnormal electrical activity in the brain that can affect movements, behaviors, and consciousness.
neuronal loss: loss or death of nerve cells in the nervous system
ubiquitinylated proteins: proteins tagged with polyubiquitin or monoubiquitin chains.
—-----------------------------------------------------
Q1. Explain in a few sentences how the mutation in the JAMM domain of STAMBP (AMSH) causes the MIC-CAP syndrome symptoms - e.g., microcephaly. 



Daisy met with the family and spoke to them about MIC-CAP syndrome and its possible molecular cause. 
Q2. Help draft 2-3 points that Daisy can share with the new parents to explain MIC-CAP syndrome and what they could do, following the diagnosis?


  

[bookmark: _mn6hsw9abzji]Part VI: Assessing student learning (Optional section)
In addition to the JAMM domain, the AMSH protein also consists of the MIT domain. The MIT domain doesn’t bind to ubiquitin; however, it interacts with specific ESCRT-III proteins (CHMP3-charged multivesicular bodies 3). Different mutations found in the MIT domain (1-112) of AMSH may also cause MIC-CAP syndrome.  
Go to the UniProt page and examine the section listing the various variants of AMSH (https://www.uniprot.org/uniprotkb/O95630/entry#disease_variants). Use information available here to answer the following questions.
Q1. Identify the mutations in the MIT domain that can result in MIC-CAP syndrome.


Q2. Search the PDB for a structure of AMSH-ESCRT-III with CHMP3 and visualize the structure with Mol*. What is the PDB ID of the structure you found?


Q3. Following the instructions from previous sections, create a structure of MIT domain interacting with CHMP3. The five MIT mutants found in MIC-CAP syndrome are Arg14Pro, Arg38Cys, Glu42Gly, Thr63Cys and Phe100Tyr. Explore these residues’ interactions and insert the screenshot of the residue(s) involved in binding with the CHMP3. Also, label the amino acids that are identified.


 
Q4. How does the mutation(s) affect the binding of CHMP3?



Q5. Explain in a few sentences how mutations in the MIT domain of STAMBP (AMSH) might cause microcephaly.
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