Enzyme Function

Cells function largely because of the action of enzymes. Life is a dynamic process that involves constant changes in chemical composition. These changes are regulated by catalytic reactions, which are regulated by enzymes. At one time, the cell was actually conceived of as a sac of enzymes. It was believed that if we knew all of the reactions and their rates of action, we could define the cell, and indeed, life itself. Few biologists continue to think of this as a simple task, but we know that life as we know it could not exist without the function of enzymes. Ideally, we would examine enzymes within an intact cell, but this is difficult to control. Consequently, enzymes are studied in vitro after extraction from cells. In this exercise, we will extract the enzyme tyrosinase and study its kinetic parameters. It is only one of thousands of enzymes working in concert within cells, but it is one but which readily demonstrates the main features of enzyme kinetics. 

Since all enzymes are proteins, and proteins are differentially soluble in salt solutions, enzyme extraction procedures often begin with salt (typically, ammonium sulfate) precipitation. On the simplest level, proteins can be divided into albumins and globulins on the basis of their solubility in dilute salts. Albumins are considered to be soluble while globulins are insoluble. Solubility is relative, however, and as the salt concentration is increased, most proteins will precipitate. 

Thus, if we homogenize a tissue in a solution that retains the enzyme in its soluble state, the enzyme can be subsequently separated from all insoluble proteins by centrifugation or filtration. The enzyme will be impure, since it will be in solution with many other proteins. If aliquots of a concentrated ammonium sulfate solution are then added serially, individual proteins will begin to precipitate according to their solubility. By careful manipulation of the salt concentrations, we can produce fractions that contain purer solutions of enzymes, or at least are enriched for a given enzyme. Fortunately, absolute purity of an enzyme extract is seldom required, but when it is, the fractions must be subjected to further procedures designed for purification (such as electrophoresis and/or column chromatography). 

In order to determine the effectiveness of the purification, each step in the extraction procedure must be monitored for enzyme activity. That monitoring can be accomplished in many ways, but usually involves a measurement of the decrease in substrate, or the increase in product specific to the enzyme. It is important to remember that enzymes act as catalysts to a reaction and that they affect only the reaction rate. The general formula for the action of an enzyme is given by the following: 
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E = enzyme


S = substrate

P = product 
ES = enzyme-substrate complex

k1 = rate constant for ES formation
k-1 = rate constant for disassociation of the ES complex

k2 = rate constant for product formation

From the equation, the rates (velocities) of each reaction can be given by: 

     v1 = k1[E][S];   formation of enzyme-substrate complex

     v-1 = k-1[ES];     reformation of free enzyme and substrate

     v2 = k2[ES];      formation of product and free enzyme

In steady state equilibrium, (v1-v-1) = v2 and therefore k1[E][S] – k-1[ES] = k2[ES]
This equation can then be rearranged to yield: 
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where the left side of this equation can be given as a single constant, known as Km, the rate constant, or the Michaelis constant. Note that the units for this constant will be those of concentration. 

One of the important concepts of metabolism is that enzymes from differing sources may have the same function (i.e. the same substrate and product), but possess significantly different Km values. Since biological function is as dependent on the rate of a reaction as it is on the direction of a reaction, it becomes necessary to measure the Km value for any enzyme under study. 

Enzymes act as catalysts because of their three dimensional protein structure. This structure is controlled by many factors, but is particularly sensitive to changes in pH, salts and temperature. Small changes in the temperature of a reaction can significantly alter the reaction rate, and extremely high temperatures can irreversibly alter both the three dimensional structure of the enzyme and its activity. It may even render the enzyme non-functional; that is, to denature the enzyme. Salts can also cause denaturation, but the effects of ammonium sulfate are usually reversible. Heavy metal salts, by contrast, usually irreversibly alter the structure of the protein, and thus their routine use as fixatives in histological work. 

Active Sites

An enzyme works by binding to a given substrate in such a geometrical fashion that the substrate is able to undergo its inherent reaction at a more rapid rate. This type of reaction is commonly referred to as the lock and key mode for enzyme action. It implies that there is a particular part of the enzyme structure, the active site, which specifically binds sterically to a substrate. The enzyme does not actually react with the substrate but merely brings the substrate into the proper alignment or configuration for it to react spontaneously or in conjunction with another substance. Since a reaction proceeds normally by a random kinetic action of molecules bumping into each other, any time molecules are aligned, they will react faster. Thus, for any given enzyme there will be a best fit configuration to the protein in order to align the substrate and to facilitate the reaction. When the enzyme is in its ideal configuration, the reaction will proceed at its maximum rate, and the overall rate of activity will be dependent upon substrate concentration. 

Maximum reaction rate assumes that an optimal pH, salt environment and temperature have been established. Maximum rate further assumes the presence of any co-enzymes and/or cofactors that the enzyme requires. Co-enzymes are organic molecules which must bind to the protein portion of the enzyme in order to form the correct configuration for a reaction. Cofactors are inorganic molecules which do the same. 

Now, if we measure the concentration of an enzyme via its rate of activity (i.e. the velocity of the catalyzed reaction), we must control the reaction for the effects of temperature, pH, salt concentration, co-enzymes, cofactors, and substrate concentration. Each of these parameters affects the rate of an enzyme reaction. Thus, each must be carefully controlled if we attempt to study the effects of changes in the enzyme itself. For example, alterations in the rate of a reaction are directly dependent upon the concentration of functional enzyme molecules only when the enzyme is the limiting factor in the reaction. There must be sufficient substrate to saturate all enzyme molecules in order for this criterion to be met. If the substrate concentration is lowered to the point where it becomes rate limiting, it is impossible to accurately measure the enzyme concentration, because there will be two variables at work. 

The relationship between substrate concentration and enzyme concentration was mathematically established by pioneering work of two biochemists, L. Michaelis and M.L. Menten in 1913. In recognition of their work, the plots of enzyme activity vs. substrate concentration are known as Michaelis-Menten plots. These are relatively simple plots in which the substrate concentration is on the x-axis, and the velocity of reaction is on the y-axis. The plot demonstrates that as the substrate increases, the velocity increases hyperbolically, and approaches a maximum rate known as Vmax. This is dependent upon saturation of the enzyme. At Vmax, all enzyme molecules are complexed with substrate, and thus any additional substrate added to the reaction has no effect on the rate of reaction. 
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However, this situation becomes more complex: as you change the enzyme concentration, Vmax will also change.  Thus, Vmax is not a constant value, but is constant only for a given enzyme concentration. Consequently, the value of Vmax cannot be used directly to infer enzyme concentration. It is dependent upon at least two variables, enzyme concentration and substrate concentration (assuming temperature, pH and cofactors have all been controlled). What Michaelis and Menten discovered was a simple means of solving the equations for two variables. If multiple plots of enzyme activity vs. substrate concentration are made with increasing enzyme concentration, the value of Vmax continues to increase, but the substrate concentration which corresponds to 1/2 Vmax remains constant. This concentration is the Michaelis Constant for an enzyme. As mentioned, it is designated as Km and is operationally the concentration of substrate which will give exactly 1/2 Vmax when reacted with an enzyme with maximum pH, temperature and cofactors. 

According to the Michaelis-Menten equation: 
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A Michaelis-Menten plot thus can give us an easy way to measure the rate constant for a given enzyme. An immediate difficulty is apparent, however, when Michaelis-Menten plots are used. Vmax is an asymptote. Its value can only be certain if the reaction is run at an infinite concentration of substrate. Obviously, this is an impossible prospect in lab. 

In 1934, two individuals, Lineweaver and Burke made a simple mathematical alteration in the process by plotting a double inverse of substrate concentration and reaction rate (velocity). 
The Lineweaver/Burke equation is: 
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This equation fits the general form of a straight line, y = mx+b, where m is the slope of the line and b is the intercept.  Thus, the Lineweaver/Burke Plot for an enzyme is more useful than Michaelis-Menten, since as velocity reaches infinity, 1/Vmax approaches 0. Moreover, since the plot results in a straight line, the slope is equal to Km/Vmax, the y intercept equals 1/Vmax (1/[S] = 0). Projection of the line back through the x axis yields the value -1/Km (when 1/V = 0). These values can easily be determined by using a linear regression plot and calculating the corresponding values for x=0 and y=0. The inverse of the intercept values will then yield Vmax and Km. 

Remember that the point of all of these calculations is to determine the true activity and thus the concentration of the enzyme. If the reaction conditions are adjusted so that the substrate concentration is at Km, then alterations in the rate of reaction are linear and due to alterations in enzyme concentration. Kinetic analysis is the only means of accurately determining the concentration of active enzyme. 

Specific Activity

This brings us to a definition for enzyme activity. Specific activity is defined in terms of enzyme units per mg enzyme protein. An enzyme unit is the amount of substrate converted to product per unit time under specific reaction conditions for pH and temperature. 

As generally accepted, an enzyme unit is defined as that which catalyzes the transformation of 1 micromole of substrate per minute at 30° C and optimal chemical environment (pH and Substrate concentration). Specific Activity relates the enzyme units to the amount of protein in the sample. 

While it is relatively easy to measure the protein content of a cell fraction, there may be a variable relationship between the protein content and a specific enzyme function. Remember that the initial extraction of an enzyme is accomplished by differential salt precipitations. Many proteins will precipitate together due to their solubility, but have no other common characteristics. 

To determine both protein content and enzyme activity requires two different procedures. We can measure the amount of protein, or we can kinetically measure the enzyme activity. Combining the two will give us the specific activity. 

Enzyme Inhibition

Finally, before studying a specific enzyme, let's examine the problem of enzyme inhibition. Remember that enzymes function by sterically binding to a substrate. If a molecule interferes with that binding, it will hinder or inhibit the activity of the enzyme. 
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If the inhibitor molecule binds to the same active site as the substrate, then the reaction is known as competitive inhibition because the two molecules, substrate and inhibitor, compete for the same reaction site on the enzyme molecule. With this type of inhibition, Vmax will not change because Vmax is a function of all enzyme molecules uniting with substrate (thus having no effective competition). Km, on the other hand, will alter with changes in the concentration of a competitive inhibitor, because it requires larger concentrations of substrate to overcome the direct competition of the inhibitor for the active site. 

If, however, the inhibitor binds to a site on the enzyme other than the active site, then the inhibition is known as allosteric, or non-competitive inhibition. In this instance, the substrate and inhibitor bind to different parts of the enzyme molecule and thus are not in competition. An allosteric inhibitor alters the structure of the enzyme or physically blocks access to the active site. With non-competitive inhibition, Vmax will change because, in effect, enzyme is being removed from the reaction. Its kinetic effects are equivalent to lowering the enzyme concentration. Km will not change, however, since this value is constant regardless of the effective enzyme concentration. 

Tyrosinase

This exercise involves the isolation (extraction) of the enzyme tyrosinase from potatoes and subsequent measurement of its activity. Tyrosinase is the common name for an enzyme that is formally termed Monophenol Monooxygenase and is listed as Enzyme #1.14.18.1 in the standard Enzyme Nomenclature. It is also known as phenolase, monophenol oxidase and as cresolase. It is, functionally, an oxygen oxidoreductase enzyme. 

This nomenclature points out another difficulty of working with enzymes. Their names are derived from the known activities. Enzymes isolated from different sources and measured for their catalytic activity with varying substrates can turn out to be the same protein. Thus, the enzyme tyrosinase, discovered in animal systems, was named for its action on the amino acid tyrosine, and specifically for its ability to form dopaquinone, an intermediate metabolite in the production of melanin. 

The same enzyme isolated from plant materials had been examined for its ability to oxidize phenolic residues, and thus the names phenolase, monophenol oxidase and cresolase. Since it has been extensively studied in melanin production, we will continue to use the common name of tyrosinase. 

The catalytic action of this enzyme is the conversion of tyrosine + O2 to yield dihydroxyphenylalanine (DOPA), which is then converted to dopaquinone + H2O. Dopaquinone in turn can be readily converted to dopachrome, an orange to red pigment (found in human red hair), which can then be converted to the black/brown melanin pigments (found in virtually all human pigments). 


Tyrosine + 1/2 O2   

DOPA


2 DOPA + O2  
 2 Dopaquinone + 2 H2O


Dopaquinone  

 Leukodopachrome


Leukodopachrome + Dopaquinone  

Dopachrome + DOPA

The enzyme catalyzes the first two of these reactions, namely the conversion of tyrosine and the conversion of DOPA. The formation of dopachrome from dopaquinone is spontaneous. 

We can now monitor the activity of the enzyme by analyzing the disappearance of tyrosine and/or DOPA as substrates, the appearance of leukodopachrome or dopachrome as products, or by monitoring the use of oxygen. Physiologists and chemists have long preferred the manometric determination of gaseous oxygen exchange, but far simpler is the determination of dopachrome, a natural pigment with an absorbance maximum at 475 nm. This absorbance allows us to use standard spectrophotometric analysis by analyzing the formation rate of dopachrome from the substrate DOPA. 

The summary reaction for tyrosinase activity, as used in this exercise is 

DOPA + 1/2 O2

Dopachrome

Extraction of Tyrosinase

Materials 

Potatoes 

Paring Knife 

Blender 

Graduated cylinders
Cheesecloth 

Beakers (100 ml, 250 ml) 

Chilled Centrifuge Tubes (30-50 ml) 

Centrifuge 

0.1 M NaF 

Saturated Ammonium Sulfate (4.1 M @25° C) 

0.1 M Citrate Buffer, pH 4.8 

Glass Stirring Rod 

Procedure 

1. Peel a small potato and cut into pieces about 1 inch square. 

2. Add 100 grams of the potato to a blender, along with 100 ml of sodium fluoride (NaF). Homogenize for about one minute at high speed.  Caution: Sodium Fluoride is a poison! Wear rubber gloves while handling, and wipe up any spills immediately. 

3. Pour the homogenate (mixture) through several layers of cheesecloth and into a beaker. 

4. Measure the volume of the homogenate and add an equal volume of saturated ammonium sulfate. That is, if the fluid volume of your homogenate is 150 ml, add 150 ml of ammonium sulfate. This will cause a floculent white precipitate to appear as many of the previously soluble potato proteins become insoluble. The enzyme tyrosinase is one of these proteins and thus will be found in the subsequent precipitate. 

5. Divide the ammonium sulfate-treated homogenate into chilled centrifuge tubes and centrifuge at 1,500 xg for 5 minutes. 

6. Collect the centrifuge tubes, and carefully pour off and discard the fluid (supernatant). Save the pellets. Combine all of the pellets into a 100 ml beaker. 

7. Add 60 ml of citrate buffer, pH 4.8, to the pooled pellet and stir the contents well. Use a glass rod to break up the pellet. Continue to stir for 2 minutes while keeping the solution cool. 

8. Again divide the solution into centrifuge tubes and recentrifuge at 300 xg for 5 minutes. 

9. Collect and save the supernatant. This is your enzyme extract! Place it in an erlenmeyer flask, label it as Enzyme Extract and place it in an ice bucket. The enzyme tyrosinase is insoluble in 50% ammonium sulfate, but is soluble in the citrate buffer. Keep this extract chilled for the duration of the laboratory. Tyrosinase is stable for about an hour under the conditions of this exercise. If not used within this period, you will need to extract more enzyme from a fresh potato. 

Preparation of Standard Curve

Materials 

8 mM DOPA 

Enzyme Extract
Test tubes 

5 ml Pipette 

0.1M Citrate Buffer, pH 4.8 

Spectrophotometer and Cuvettes 

Procedure 

We are going to begin by making a standard solution of dopachrome from L-DOPA.  Dopachrome is somewhat unstable in the presence of light, so we will wrap the test tube for the reaction in foil.  In the test tube, add 10 ml of 8 mM DOPA and add 0.5 ml of your enzyme extract.  Allow the solution to sit for 15 minutes at room temperature. During this period, all of the DOPA will be converted to dopachrome, and your solution will now contain 8 mM dopachrome. 
Using the 7 other test tubes, prepare a 1:1 series of dilutions of the 8 mM Dopachrome to yield the concentrations in the following table: 
Tube #



 Final Concentration of Dopachrome (mM) 

1




 0 
2




 0.125

3




 0.25

4




 0.5

5




 1.0

6




 2.0

7




 4.0

8




 8.0

In tube 1, add 4ml of citrate buffer and 0.2ml of enzyme extract only.  For the remainder of the test tubes, add 3ml of citrate buffer and 3ml of the solution from the next highest concentration.With these dilutions, you have prepared tubes containing concentrations from 0 to 8 mM dopachrome (tubes 1-8). Tube 1 contains no dopachrome and is used for blanking the spectrophotometer. 

The units of concentration are millimolar (mM). A 1.0 mM solution contains .001 moles per liter or .000001 moles per ml. Thus, with a volume of 3.0 ml, there are .000003 moles of dopachrome, or 3 micromoles. Correspondingly, tubes 2-8 contain 1 to 24 micromoles of dopachrome. 

Turn on your spectrophotometer and set a wavelength of 475. Use tube #1 from the above dilutions as a blank and adjust the spectrophotometer for 0 and 100% T. Read the absorbance of each of the solutions in tubes 2-8 and record the results in a table in your notebook.
Create a scatterplot of the absorbance value against the concentration of dopachrome. Plot the computed slope and intercept of the linear regression as a straight line overlaying your scattergram. The equation for a straight line is y = mx + b, where m is the slope and b the intercept. 

The linear regression is your standard curve and can be used to calculate the concentration of dopachrome in future experiments by measuring only the absorbance.

Enzyme Concentration

Materials 

Enzyme Extract 

0.1 M Citrate Buffer, pH 4.8 

10 ml Pipette 

8 mM DOPA 

Spectrophotometer and Cuvettes 

Ice Bath 

Procedure 

To determine the kinetic effects of the enzyme reaction, first determine an appropriate dilution of your enzyme extract. This will give a rate of reaction of 5-10 micromoles of DOPA converted per minute. 
Prepare a serial dilution of your enzyme extract. 
1. Place 9.0 ml of citrate buffer into each of three test-tubes. Label the tubes 1/10, 1/100 and 1/1000. 

2. Pipette 1.0 ml of your enzyme extract into the first of these tubes (the one labeled 1/10) and mix by inversion. 

3. Pipette 1.0 ml of the 1/10 dilution into the second tube (labeled as 1/100) and mix by inversion. 

4. Pipette 1.0 ml of the 1/100 dilution into the third tube (labeled as 1/1000) and mix by inversion. 

5. Place all of the dilutions in the ice bath until ready to use. 

If not already done, turn on a spectrophotometer, adjust to 475 nm and blank with a tube containing 2.5 ml of citrate buffer and 0.5 ml of enzyme extract. 

Add 2.5 ml of 8 mM DOPA to each of 4 cuvettes. Note that each tube contains .0025 X .008 moles or 20 micromoles of DOPA. 

Add 0.5 ml of undiluted enzyme extract to one of the cuvettes containing the 8 mM DOPA. Mix by inversion, place into the spectrophotometer and immediately begin timing the reaction. Carefully measure the time required for the conversion of 8 micromoles of DOPA. Note that since the cuvette will contain a volume of 3.0 ml, the concentration when 8 micromoles are converted will be 8/3.0 or 2.67 mM dopachrome. Use the data from the standard curve to determine the absorbance equal to 2.67 mM dopachrome. This absorbance value will be the end point for the reaction. 

As the reaction takes place within the spectrophotometer, the absorbance will increase as dopachrome is formed. When the absorbance reaches the value above, note the elapsed time from the mixing of the enzyme extract with the 8 mM DOPA. Express the time as a decimal rather than minutes, seconds. The time should be between three and five minutes. If the end point is reached before three minutes, repeat Step 8, but using the next dilution of enzyme (i.e., the 1/10 after the undiluted, the 1/100 after the 1/10 and the 1/1000 after the 1/100). 

For the enzyme dilution which reaches the end point between 3 and 5 minutes, calculate the velocity of reaction. Divide the amount of product formed (8 micromoles) by the time required to reach the end point. 

Effects of pH

Materials 

8 mM DOPA in citrate buffer adjusted to

pH values of 3.6, 4.2, 4.8, 5.4, 6.0, 6.6, 7.2, 7.8 

Enzyme Extract 

Spectrophotometer and Cuvettes 

Stopwatch 

Procedure 
Set up a series of test tubes each containing 2.5 ml of 8 mM DOPA, but adjusted to the following pH values: 3.6, 4.2, 4.8, 5.4, 6.0, 6.6, 7.2, and 7.8 

Begin with the tube containing DOPA @ pH 3.6, add 0.5 ml of the diluted enzyme extract which will convert 10 micromoles of DOPA in 3-5 minutes as determined previously. Start timing the reaction, mix by inversion and insert into the spectrophotometer. Note the time for conversion of 10 micromoles of DOPA. 

Repeat Step 2 for each of the indicated pH values. Complete the following table in your notebook: 

	pH
	Time (Min.)
	moles Dopachrome
	Velocity (moles/min.)

	3.6
	
	10
	

	4.2
	
	10
	

	4.8
	
	10
	

	5.4
	
	10
	

	6.0
	
	10
	

	6.6
	
	10
	

	7.2
	
	10
	

	7.8
	
	10
	


Plot pH (x-axis) versus Reaction Velocity (y-axis) 

 Effects of Temperature

Materials 

Enzyme Extract 

8 mM DOPA 

Incubators or Water baths adjusted to 10, 15, 20, 25, 30, 35 and 40° C 

Spectrophotometer and Cuvettes 

Stopwatch 

Procedure 

Set up a series of test tubes each containing 2.5 ml of 8 mM DOPA. Place one tube in an ice bath or incubator adjusted to the following temperature; 10, 15, 20, 25, 30, 35 and 40° C 

Add 0.5 ml of an appropriately diluted enzyme extract (to yield 10 micromoles dopachrome in 3-5 minutes) to each of a second series of tubes. Place one each in the corresponding temperature baths. Allow all of the tubes to temperature equilibrate for 5 minutes. Do not mix the tubes. 

Beginning with the 10° C tube, and with the spectrophotometer adjusted to 475 nm and properly blanked, pour the enzyme (0.5 ml @ 10° C ) into the tube containing the DOPA and begin timing the reaction. Mix thoroughly. Note the time to reach the end point equivalent to the conversion of 10 micromoles of substrate. 

Repeat Step 3 for each of the listed temperatures, complete a data table in your notebook and plot the results. 

