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Learning Goals
· Students will access publicly accessible databases for protein structure analysis.
· Students will use the macromolecule structure viewer Chimera to examine a protein structure. 
· Students will compare active site structures from known enzymes and compare them to proteins of unknown function.

Learning Objectives  
· Students will describe typical characteristics of an enzyme active site.
· Students will understand and be able to explain the term motif and apply it to enzyme active sites. 
· Students will be able to query structures of unknown function against a library of enzyme active site motif templates.
· Students will distinguish between good alignments and poor alignments of unknown versus known proteins based on RMSD values (a measure of the differences between values), and visual alignments.
· Students will propose a function for proteins of unknown function and develop plans for testing their hypothesis in silico and in vitro.

Lab Module: Structural Alignment with SPRITE and Chimera	1

Introduction

This module engages students with the structure of a protein whose enzymatic function is unknown. The lesson uses the program SPRITE (1) to search the structure of a protein for configurations of amino acid side chains that have a similar structure to those of known enzyme active sites. We will also make use of Chimera (2) - a structure viewing program used broadly by biochemists and structural biologists, to visualize the results from SPRITE. Using alignments based on presumed active sites allows students to form hypotheses about the possible function of an unknown enzyme. This alignment can be a stand-alone activity or can be used as a platform to further explore the structure and function of the protein of interest in the BASIL curriculum through computational and in vitro approaches. 

In this module, we will use SPRITE to search the structure of a protein to determine if it has an active site with a motif of known catalytic function. The active site of an enzyme is the region of the protein where the substrate binds and the chemical reaction takes place. This is often a groove or pocket on the surface of the enzyme that allows the substrate to bind. This region also contains the amino acids necessary for catalysis to occur. The arrangement of those amino acids in space is called a motif. The Mechanism and Catalytic Site Atlas (3) is a database of motifs with known catalytic function. SPRITE uses this database to identify possible motifs in a protein of interest. Although catalytic site structural homology alone is not sufficient to define the function of a protein, it provides one mechanism which, when combined with other structural and sequence motifs, can suggest candidates for experimental verification.

These tools can be used only to develop a hypothesis for the potential function of a protein. Final confirmation of the function often relies on biochemical techniques, assays, and characterization. It is not sufficient to simply identify structural homologs (proteins with similar structures and identified with tools like Dali and MarkUs) or sequence homologs (proteins with similar sequences that are identified with tools such as BLAST and HMMER).

The goal of the BASIL project is to choose a previously uncharacterized protein structure from the PDB and use currently available bioinformatics tools (SPRITE, BLAST, Pfam, Dali, etc.) to develop a hypothesis about the putative function.

The first step in our function prediction process is to compare a protein of unknown function against a library of motifs from the Catalytic Site Atlas (https://www.ebi.ac.uk/thornton-srv/m-csa/) and other sites that together constitute the motif template library of SPRITE. Each catalytic site motif template typically consists of 2-5 amino acid residues that have a fixed spatial and distance relationship. The example shown in Figure 1 is an alignment for a serine protease.
[image: The active site amino acids of 1AFQ and 1A0J are superimposed.]

Figure 1. Alignment for a serine protease. Alignment of PDB entry 1AFQ (bovine gamma chymotrypsin; the query in red) with a motif template based on 1A0J (in white) a trypsin structure from Atlantic salmon. Three residues from 1AFQ (His 57, Asp 102 and Ser 195) aligned with the three homologous residues from 1A0J (His 57, Asp 102 and Ser 195).
Protocol
[bookmark: _gjdgxs]
[bookmark: _co8uca0j07u]Purpose: The purpose of this lab is for you to become familiar with SPRITE so that you can complete a structural alignment of your protein of unknown function. This will provide an early clue to the function of the protein that you can later refine using other bioinformatics tools (Figure 2).
[image: Database info is used to propose a protein function then tested in the lab.]
Figure 2. Outline of proposed workflow to characterize proteins of “unknown function.”

Supplies: 
· As this lab is in silico, the only physical equipment you will need is a computer with access to the internet and the following digital data/resources:
· The four-character PDB code of your assigned protein (e.g., “4EZI”)
· The SPRITE database website
· Chimera 1.16 Software
Safety considerations:  As this exercise is done on a computer, there are no typical wet laboratory safety issues, such as spills or strong acids.  However, care should be taken to move about and stretch to avoid neck and shoulder pain and possible stress injury. You should also periodically look up from the computer monitor to prevent eye strain, headaches, and blurred vision.
Procedure:
Navigate to SPRITE 
The SPRITE website is located at the URL http://211.25.251.163/sprite/ (Figure 3)
	 [image: The database page that searches an input protein structure for motifs and matches similar proteins]

	Figure 3. The opening screen for SPRITE includes general information about the program. The SPRITE interface allows you to upload your own file in a PDB format or to enter a 4-character PDB ID.  You can choose to include or exclude 2-residue patterns (exclude is best).



Finding a Motif in a Query Protein 
Start the exercise by entering the PDB ID “2HNT” in the SPRITE query box (Figure 3). Once you have gone through this process with this structure of known function (human thrombin), you will conduct this exercise with your protein of unknown function. After completing your search, you will be asked to choose a set of motif templates for comparison with your query structure.

1. Using the SPRITE interface, submit your structure (either 2HNT or, later, your protein of unknown function) as a query and exclude 2-residue hits. You can wait for your search to run, or you can copy the provided links and access your search results later (the links are good for two weeks - do not use them as the only archive of your results).

	[image: Generated links to the active site aligned proteins in SPRITE]

	
Figure 4. Results Pane.  Initial SPRITE results are presented as a text screen, with options for how to view the results.  



2. The Results Screen. Once a search is complete, the results will appear in the Results window.  You can choose to view a list with limited details (“List of hits”), a list with full details (“Full details”) or arranged by all the matches for a given site in your search protein (“Arranged by sites”).  The “List of Hits” results shown below were obtained by searching 2HNT.  At this point, you should browse the “List of hits” and also record these alignment results in your lab notebook (you can also download the results in “one text file”—which may be easiest for your notebook). Right-handed and Left-handed superpositions are different and are likely to give you different lists of hits, however at this point, it does not matter much which you choose.
	[image: The protein hits generated by SPRITE with their description and RMSD]

	
Figure 5. List of Hits for 2HNT Search.  List of hits for 2HNT are presented as a table, with limited information.



The information shown:  
a. Hit: the PDB ID that matched the search protein to generate the hit
b. Source PDB ID: a clickable link to the matched PDB file at the Protein Data Bank.
c. Description: a brief description of the function of the protein matching your protein
d. RMSD: the root mean square deviation.  A perfect match would have an RMSD of zero.  A high-quality alignment will have an RMSD value of 2.0 Angstroms or less.

3. Dig deeper by viewing the “Full details” results alignments that also report the number of matched amino acid residues, along with a list of the residues that aligned.  Remember that a hit with only 2 amino acid residues aligned is a poor hit, and you likely excluded those using the settings prior to doing the search.
	[image: The protein hits generated by SPRITE with specific residue matching data included]

	
Figure 6. Full Details for 2HNT search.  Detailed list of hits for 2HNT are presented as a table, including options to do an ASSAM search, the number of matched amino acid residues, and the specific amino acids that matched between the input protein and corresponding protein from the motif library.



	[image: Two protein active site residue ball and stick structures superimposed]
	
	[image: Two protein active site residue stick structures superimposed]

	Figure 7a. Alignment of 2HNT with 2LPR (green).  Alignment was generated from the “List of hits” screen. The “Show pattern match” button was used to show the overlay.
	
	Figure 7b. Alignment of 2HNT (yellow) with 2LPR (green). The “Superposed motifs” function was utilized such that both proteins are visible. Alignment was generated from the “Full details” screen.



4. To view the alignment between your protein and the matched protein, check the box in the “Select” column (you can select more than one hit) and click “Submit”.  This can be done from the “List of Hits” or the “Full details” screen.  Each will display a different version of the overlay (Figure 7a and 7b).  Explore them both and decide which is most helpful for your specific protein.  The view from the “Full details” screen also allows you to turn on the protein backbone, and to mouse over parts of the backbone to get the identity of the amino acid at a given position.

5. It is also possible to view hits by each site in your protein using the “Arranged by sites” function (Figure 8).  This view shows all the hits found for a specific set of amino acids.  There may be anywhere from one to several hits for each specific set of amino acids.  Multiple alignments for one site, if they all have a similar function, means higher confidence in the results.
	[image: A compiled list of proteins that matched with a specific set of active sites found in the target protein]

	Figure 8. Results for the alignment of 2HNT arranged by sites. Less information is provided for each alignment, but the confidence is better if there are multiple proteins of similar function that align with a specific site.



 Review the alignments with an RMSD below 2.0 Angstroms and determine whether your results are consistent with the established function of your protein. Are they all serine proteases or serine hydrolases? Which motif templates align best with 2HNT? Record the RMSD values and captured images for these alignments.

6. Now repeat this exercise using your structure of unknown function. Be sure to record the same data for your alignments. 

Clean up:  Before leaving your computer, make sure that you have downloaded all of the data to a USB drive, personal network, or cloud computing site.


Interpreting Results

Each time you explore the alignment of a query with a template (e.g., 2NHT with 1A0J), you should record the RMSD values and a screen capture of the visual alignment. It is best to also keep the links at this point, in case you wish to go back and review your findings over the next two weeks (Remember that your results will expire, so you are encouraged to have the downloaded version saved as well). It is also important to inspect the visual alignment by rotating the molecules.  Notice that you can also turn on the protein backbone in some views, allowing you to see if the amino acids are on the surface, in a pocket, or buried in the core.

At this point, you may find it useful to visualize your whole enzyme using another visualization program. You can now open your enzyme structure in Chimera and find where the amino acids are that make up the predicted active site. Depending on your SPRITE results, you may have found a single active site location that aligned with a few other structures, or you may have found multiple possible active sites from different amino acid residues aligned to different structures. It is best to keep SPRITE open at this point, in case you wish to go back and review your findings. This is especially important for inspecting the visual alignment by rotating the molecule. You can turn on the labels to identify the residues in your alignments if it is not apparent by the structure.

Opening Chimera 
Download Chimera by going to https://www.cgl.ucsf.edu/chimera/download.html. Click on the appropriate program for the device you are using (Mac or PC 64-bit version).

Aligning Residues
Once downloaded, launch Chimera. To load the unknown protein, select the drop down menu “File” to choose “Fetch by ID…” and enter the unknown protein PDB next to “PDB” (Figure 9). Click “fetch” and the structure of the protein will be shown. Note this will be protein #0. Using results from SPRITE, load the protein of known function into Chimera by repeating the above step with the known protein PDB. Note this will be protein #1. 
Start this exercise by using thrombin, 2HNT, as protein #0 and trypsin, 1A0J, as protein #1. (note: this is 1A[zero]J, not 1A[letter O]J).

	[image: A panel in Chimera that allows users to search and load specific structures, in this case from the protein data bank]

	Figure 9. Fetch Structure by ID table. Here, the protein thrombin, 2HNT, is being fetched by Chimera using the manual ID box.



Since 1A0J is a tetrameric structure, it will be helpful to hide all but the A subunit. The simplest way to do this is to click the “Select” menu and choose Chain A. Click the “Select” menu again and choose “Invert (Selected Models)”. You should now see the blue protein with a green outline, except for the A subunit. Now click the “Actions” menu and “Ribbon” -> hide. The “Actions” again and “Atoms/Bonds” -> hide. At this point, you should see just two protein globs.

To align the active site motif found on SPRITE, select the drop down menu “Favorites” and choose “command line.” To align the residues, the motif found via SPRITE needs to be entered in the command line. Type “match” in the command line, followed by a space. Then enter “#0:” followed by the residue number, a period, and the chain letter of the unknown protein. Separate the list of residues with commas. After inputting all unknown protein residue data, enter a space before repeating the process, this time using the known protein as protein “#1:” followed by residue information.  Full format to compare 2HNT and 1A0J is as follows: “match #0:57.c,102.e,195.f #1:57.a,102.a,195.a” (Figure 10).

	[image: The 3D structures for 2HNT and 1A0J aligned on top of each other based on matched active sites]

	Figure 10. Aligned proteins thrombin, 2HNT (orange) and trypsin, 1A0J (blue). The proteins are aligned by active site residues His C 57, Asp E 102, and Ser F 195 from 2HNT and His A 57, Asp A 102, Ser A 195 from 1A0J. The RMSD value, 0.335 angstroms, is found in the status line in the lower left corner of the Chimera window. 



After pressing the enter key, the RMSD value will be shown in the status line (at the bottom left underneath the command line.)  This is shown in angstroms. Use the RMSD to determine the quality of the alignment; any alignments with an RMSD value below 2.0 angstroms are considered high quality. (Note: a common error is “Unequal numbers of atoms chosen for evaluation”. This can happen if the residues are not the same or if hydrogen atoms are shown on one but not the other. You can solve this by only aligning the backbone residues to each other (e.g. “match #0:57.c,102.e,195.f@n,ca,c #1:57.a,102.a,195.a@n,ca,c”. This will align the three atoms of the backbone (nitrogen, alpha carbon and carbonyl carbon)).

Visualization of Alignment
To better visualize the alignment, delete just the word “match” in the command line and replace it with “sel” but leave the chain identifiers and residues as they were (Figure 11). This selects only residues of interest. Full format to select active site residues for 2HNT and 1A0J is as follows: “sel #0:57.c,102.e,195.f #1:57.a,102.a,195.a”. 

	[image: The Chimera command line used to target specific residues for pairing molecules]

	Figure 11. Command Line to Select Residues of Interest.



It will be easier to see the residues you selected and overlapped if they are showing in Ball and Stick format. To do this, with these residues selected from the previous paragraph, pull down the “Actions” menu, choose “Atoms/Bonds” and “show”. You should see the full residues now. Go to the “Actions” menu again and “Atoms/Bonds” and choose “ball & stick”.

To get the same view you saw in SPRITE, with the desired residues still selected, use the drop down menu option “select” and choose “invert (all models)” which will select all parts of the visualization except for the residues of interest. Then, under “action” hover over “atoms/bonds” and select “hide.” Repeat this to hide “ribbon.” Only the ribbons of residues of interest will remain in the visual field. Hold down “ctrl” on the keyboard and drag over the residues or press “enter” on the command line to reselect desired residues. If residues are not shown, use the drop down menu “action” choose “atoms/bonds” and select “show”. Next, hide the ribbon as directed above from the action menu. To enlarge the image, select the residues and go to “action” and select “focus.” Hold and drag the mouse to rotate the image as desired. The active site residue alignment for 2HNT and 1A0J are shown in Figure 12.

To name the selection for future use, use the drop-down menu “select” and choose “Name Selection…” to name as desired. To save the session, use the drop down menu option “File” and select “Save Session As…” to save in an accessible location. To see the rest of the proteins, invert the selection again and show the ribbon. You can now see how the two proteins are related to each other.

	[bookmark: _30j0zll][image: Chimera-Generated ball and stick models of the active sites in 2HNT and 1A0J superimposed]

	Figure 12. Visualization of active site residues His C 57, Asp E 102, and Ser F 195 from 2HNT (gray) and His A 57, Asp A 102, Ser A 195 from 1A0J (blue).



Once you have completed this exercise with thrombin (PDB ID 2HNT) and with your own protein structure with unknown function, you will have generated results about the following:

· alignments between your protein and one or more motif templates, including the PDB ids for the motif templates;
· the residues in the alignments (for both the query and the motif template);
· RMSD values for the alignments; and
· images of the alignments.

Review these results carefully. Based on the evidence, can you make a prediction about the function of your protein? Are the results consistent or are there conflicts, that is, do you have good alignments with motif templates from more than one EC class?

In BASIL you will be comparing results from multiple bioinformatics tools that will all help you predict the function of your protein. Please keep in mind that the results from these different software tools may not agree. Also keep in mind that these are simply predictions and the actual function of a protein can only be determined by experimentation in the wet lab.
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Searching a protein structure for 3D side chain arrangements of sites and motifs.
SPRITE is a protein structural molif database searching program

Users can upload a PDB file of a query protein structure, and SPRITE compares the input coordinates to a database of 3D side chain arrangements of
sites and motifs using a graph theoretical approach

In favorable cases, comparing 3D motifs may reveal biologically interesting similarities that are not detectable by comparing sequences or folds. The
SPRITE search is independent of sequence order

Citation for referencing SPRITE:
irin, Eleanor Gardiner, Peter Willett, Peter J. Artymiuk, Mohd Firdaus-Raih. 2012. SPRITE and ASSAM: web servers for side chain 3D-motif
protein structures. Nucleic Acids Res. 2012 Jul:40(Web Server issue)W380-6. Epub 2012 May 9. HTML, PDF.

Notes:
1. Please ensure that the query is a PDB formatted file.

2. Submitted searches may take a few minutes to complete, pease leave your browser on the page untl the results are returned or use the link provided
to retrieve the results. The program typically takes 1-5 minutes to complete depending on the size of your protein and the current server load. Thank you
for your patience.

[see the Help page]

Ifyour search query is a 3D motif or side chain amangement to be searched against a structure database, please use the ASSAM program.

Upload a PDB file: No file chosen
OrenteradletterPDBID: [ Jeg. "dcha’ or "4CHA"

Include 2-residue patterns? (Compulsory) ® No O Yes
NOTE: Excluding 2-residue patterns is recommended.
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‘You can choose to view the results in a parsable text format or as a webpage with jmol functionalty.
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