An Inside Exploration of Alkaline Phosphatase

Alkaline phosphatase is an enzyme that is found in all multicellular organisms that have been studied.  Actually alkaline phosphatase is working in you right now.  It catalyzes the hydrolysis of phosphate from a variety of phosphorylated compounds such as phosphorylated sugars, alcohols, etc…  But how does it do this?  What is the catalytic mechanism by which alkaline phosphatase can accomplish such a task?  To understand an enzyme’s mechanism it is very useful to investigate the enzyme’s structure, particularly the structure of the enzyme active site since this is where the catalysis of a reaction takes place.  Furthermore, it is useful to analyze kinetic data on site-specific mutations of active-site amino acids to determine if these amino acids are important to the mechanism and if so what possible role could these amino acids play.

Today we will accomplish the following:

· Examine the structure of alkaline phosphatase using the bioinformatics protein-modeling program Protein Explorer.

· Examine the active site residues of alkaline phosphatase and propose functions for these active site residues.

· Examine the mechanism of alkaline phosphatase and using kinetic data propose specific roles for several active site residues.

Part 1:  Structure of Alkaline Phosphatase 
To investigate the structure of alkaline phosphatase we will be using the bioinformatics protein-modeling program Protein Explorer that was developed by Eric Martz (University of Massachusetts).   The following directions will allow you to investigate many important aspects of alkaline phosphatase’s structure.  These directions must be followed very carefully to ensure that you get all the information necessary to complete this exercise.  As you go along you will need to answer several questions that will be handed in and graded.

· Enter the Protein Explorer website http://www.umass.edu/microbio/chime/pe_beta/pe/protexpl/frntdoor.htm .
· Scroll down about one screen and enter 1ED8 in the PDB Identification Code box and then press GO.  1ED8 is the code for the crystal structure of E. coli alkaline phosphatase that has phosphate bound to it.  (Each protein crystal structure has its own pdb (protein databank) identification code.)

· At the next site click on Start Explorer Session.

· The crystal structure for the protein you just requested will be loaded into the program.  This may take a minute.  Once the protein appears in the right side of the screen press OK.  

· Stop the protein structure from spinning by clicking on the Toggle Spinning button.  Also hide all the water molecules by clicking on the Hide/Show Water button.
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Now let’s investigate various aspects of the structure of alkaline phosphatase.  To help with this, Protein Explorer works with a plugin program called Chime.  With Chime you are able to easily spin the protein structure around in order to obtain various views of the protein.  To spin the protein, left click on the protein image and move the mouse around.  Also with Chime you can make an image bigger or smaller.  To do this, left click on the image and hold down the shift key.  Next move the mouse toward you (for a larger image) or away from you (for a smaller image).  

· Using the above techniques, size the image of alkaline phosphatase so that the whole image is shown but to a size that takes up most of the view window.
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How many subunits does alkaline phosphatase have?  ​​​​​​​​​​​​​________________
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· How many disulfide bonds does alkaline phosphatase have? ______________

Please feel free to rotate the protein image to do this.

· How many disulfide bonds does each alkaline phosphatase subunit have?​​​_______________

· Protein Explorer has the capability of identifying any atom in the protein that you select.  Just click on a part of the protein structure and the identity of that part of the protein is shown in the lower left-side of the screen.  Using this technique, identify the cofactors and ligands found in this protein structure and answer the following questions.  First enlarge the structure to get a good view of the active site of the protein.  See the following figure of the active site.
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Non-amino acid active site residues:

What atom does the green sphere represent?  _____________________

What molecule does the orange sphere with 4 red spheres attached to it represent?  ____________________

What atom does the maroon sphere closest to the green sphere represent?  ____________

What atom does the other maroon sphere represent?  ________________

· Since both of the subunits are identical, we will now focus on just one subunit and “hide” subunit 2.  In the upper right screen click on Explore More at Features and then scroll down and click on QuickViews.  In the QuickViews screen, under the SELECT column, select Chain B.  Then under the DISPLAY column select Hide and then check the box labeled “Hide selected atoms and bonds”.   Now make your protein image smaller so that you can view subunit 1 completely.  

Secondary Structure of Alkaline Phosphatase 

· To view what secondary structural elements alkaline phosphatase has under SELECT first select Chain A, then under DISPLAY select Cartoon and then under Color select Structure.  Next, under SELECT select Ligand, under DISPLAY select Spacefill and under Color select Element (CPK).  You should now be able to identify what secondary structural elements are in this protein.  

What secondary structural elements does alkaline phosphatase contain?

Does one of these elements predominate in the structure?

Active Site of Alkaline Phosphatase

· Next we will want to hide all the amino acids but leave the cofactors and ligands.  Before doing so be sure to remember where the active site of Subunit 1 is located on the screen.  Under SELECT select Chain A and then under DISPLAY select Hide and then check the box labeled “Hide selected atoms and bonds”.  Next click on the gray Ligand box twice.  Then click on the gray Center box, press OK and next click on the orange sphere in the active site of Subunit 1.  The orange sphere will now be placed in the center of the screen.  Enlarge the image so that the active site cofactors/ligands are displayed nicely on the screen (as shown in the following figure).
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· You can now selectively add back amino acids.  We will do so with particular active site amino acids.  First we will add back residue Glu322.  To do this click on PE Site Map and then select Seq3D on the newly displayed screen.  Be sure that the first box has Ball & Stick and Element (CPK) displayed in the appropriate boxes.
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· All the amino acids in alkaline phosphatase are shown by their one letter code in the lower box in this Seq3D screen.  As the cursor is moved over the letters, the identity of the corresponding amino acid that the cursor is directly over will be displayed in the middle box.  Move the cursor so that CHAIN A: GLU 322 is displayed in the middle box and then click the mouse.  Now go back to the screen that is displaying the protein structure and GLU 322 will be displayed in a ball and stick representation in its correct structural conformation (see below).  Feel free to rotate the structure to get a good feel for the placement of GLU 322 in the amino acid active site.  

[image: image7.png]



Oxygen atoms – red

Carbon atoms – gray

Nitrogen atoms – blue

Hydrogen atoms – not displayed

· Seeing this structure you should be able to answer the following questions about this particular amino acid residue.  

1. What is the functional part of this amino acid (what part is in the active site)?  

2. What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?  

Sample of Correct Answers:

What is the functional part of this amino acid (what part is in the active site)?  the carboxyl group of the glutamate side chain
What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?  The Mg atom and thus the negatively-charged side chain may be coordinated (bound) to the positively charged Mg atom thus holding the Mg atom in its proper conformation.

· Next, in the same way as you just did with GLU322, display the following 6 amino acids one at a time in the active site in the specified order.  After each amino acid is displayed, look carefully at that amino acid’s position in the active site (please rotate the structure) and then answer the following questions regarding that amino acid.   (NOTE: In answering the questions, refer to the Zn atom closest to the Mg atom as Zn2 and the other Zn atom as Zn1)
ARG 166

1. What is the functional part of this amino acid (what part is in the active site)?  

2. What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?

ASP 51

1. What is the functional part of this amino acid (what part is in the active site)?  

2. What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?

ASP 327

1. What is the functional part of this amino acid (what part is in the active site)?  

2. What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?

HIS 412

1. What is the functional part of this amino acid (what part is in the active site)?  

2. What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?

SER 102 (this amino acid is shown in two different conformations)

1. What is the functional part of this amino acid (what part is in the active site)? 

2. What other active site atom(s) are in closest contact with this residue and what is this residue’s possible role(s)?

Part II:  Mechanism of Alkaline Phosphatase

As described above, alkaline phosphatase catalyzes the hydrolysis of a phosphate group from a variety of phosphorylated substrates.  Shown below is a step-by-step general mechanism by which alkaline phosphatase catalyzes this hydrolysis reaction.  This information will be extremely important for your analysis of actual kinetic data on site-specific alkaline phosphatase mutations.  


General Mechanism1:

1. Alkaline phosphatase binds substrate.  Only the phosphate moiety of the substrate binds specifically to the enzyme.  How the rest of the substrate binds (denoted by R) is of much less importance.  

2. A nucleophile attacks the phosphorous atom of the phosphate and induces cleavage of the oxygen-phosphorous bond.  The remainder of the substrate leaves the enzyme active site with the phosphate group remaining covalently linked to the enzyme.

3. At alkaline pH, a nucleophilic hydroxide (from an active site water molecule) attacks the covalently bound phosphate, thus inducing the breakage of the phosphate-enzyme covalent bond.

4. The noncovalently bound phosphate molecule is slowly released from the enzyme.  This release is the actual rate-limiting step for the overall hydrolysis reaction.  
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Note:  
The shown active site does not depict all of the active site amino acids.


Dashed lines represent bonding between atoms.


wat = active site water molecule

Questions:  From the general mechanism of alkaline phosphatase shown above, describe the role of Zn1 in the alkaline phosphatase mechanism.  Is it important for substrate binding or for catalytic conversion of substrate to product?

The role of Zn2?

Specific Mechanism of Alkaline Phosphatase 

Kinetic Data – The following table contains real published kinetic data for wild-type alkaline phosphatase and alkaline phosphatase enzymes that have been mutated at specific active site amino acid residues.   Analyze the following kinetic data and then determine the specific role for each amino acid.  Don’t go into this blind - be sure to use the information gathered thus far about the structure of alkaline phosphatase, use Protein Explorer, use the orientation of particular amino acid residues and use the general mechanism of the enzyme.  (Important Note:  Remember that kcat = Vmax/ET.  Thus if kcat decreased then that means that Vmax must have decreased (easier to think of it this way).) 

	 Mutation
	kcat (sec-1)
	Km (uM)

	Ser102 ( Ala3
	0.00134
	44

	Asp327 ( Ala4
	0.01
	13900

	His412 ( Asn2
	7
	210

	His 412 ( Asn (w/added Zn)2
	18
	9

	Wild type2,3,4
	35
	8


Ser102

From the kinetic data, determine if Ser102 is largely involved in catalysis or substrate binding (or both).

What is the specific role of Ser102 in the mechanism of alkaline phosphatase?

What information supports this answer?

Asp327

From the kinetic data, determine if Asp327 is largely involved in catalysis or substrate binding (or both).

What is the specific role of Asp327 in the mechanism of alkaline phosphatase?

 What information supports this answer?

His412

From the kinetic data, determine if His412 is largely involved in catalysis or substrate binding (or both).

What is the specific role of His412 in the mechanism of alkaline phosphatase?

What information supports this answer?
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