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Overview

Enzymes are molecules that regulate the chemical reactions that occur in all living organisms. Almost all enzymes are globular proteins that act as catalysts, substances that speed up chemical reactions. Enzymes catalyze reactions by reducing the activation energy for a specific reaction to occur and yet are neither destroyed nor altered during this process. At the molecular level, enzymes catalyze these reactions by briefly binding to the substrate or reactants to form an enzyme-substrate complex. The reaction takes place while the substrate is bound to the enzyme, converting the substrate to the new product or products. The products are then released from the enzyme substrate complex and the enzyme is then free to bind with more substrate.



Enzyme + Substrate  (  Enzyme-Substrate Complex  (  Enzyme + Product(s)
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Based on this model, the rate at which the product can be produced depends on the amount of enzyme and substrate that are present during the reaction. If there is excess substrate and a small amount of enzyme in solution, the velocity or the rate of the reaction, will increase with the amount of enzyme in the solution. In this case, all of the enzyme molecules are busy catalyzing reactions even though there is still plenty of substrate that can be turned into product. The rate of the reaction can only increase if the concentration of enzyme is increased. Put another way, the rate of the reaction should increase in direct proportion to the concentration of enzyme in solution.
In a case where the enzyme concentration is kept constant and the concentration of substrate is increased, the rate of the reaction will increase rapidly until half of the enzyme becomes saturated with substrate. At this point, the rate of the reaction will not increase as rapidly. Eventually, the rate of the reaction will approach a constant rate even when the substrate concentration is increased. When the reaction rate ceases to increase, the maximum velocity or Vmax for the reaction has been reached. A diagram of this case is presented in Figure 1. Fifty percent or half of the maximum velocity is referred to as ½Vmax. The substrate concentration that coincides with ½Vmax is called the Km or Michaelis-Menten constant. At this concentration, half of the enzyme molecules in solution are bound to the substrate. Biochemists use these parameters to characterize enzymes and how enzymes react to different substrates. For example, the Km is inversely related to enzyme binding affinity for a given substrate. In other words, the smaller the Km, the greater the binding affinity an enzyme has for a substrate. 

This investigation is designed to introduce your students to the quantitative analysis of enzymes, using an enzyme that breaks down hydrogen peroxide. Hydrogen peroxide is toxic to most living organisms. Many organisms have enzymes that are capable of enzymatically destroying H2O2 before it can do much cellular damage. H2O2 can be converted to oxygen and water, as follows:

2 H2O2(aq) 
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2 H2O + O2(g)
At least two different enzymes are known to catalyze this reaction: catalase, found in animals and protists, and peroxidase, which is found in plants. Turnip peroxidase is the enzyme used in this investigation.
In the Preliminary Activity, your students will use a colorimetric assay to determine the rate of reaction of this enzyme. For more thorough background information on peroxidase and the colorimetric assay, see the Background section on pages 1–2 of the Instruction Manual accompanying the Peroxidase Enzyme Activity – Advanced Inquiry Laboratory Kit, Big Idea 4, Investigation 13 (available from Flinn Scientific, Inc., #FB2039)

During the subsequent Inquiry Process, your students will first find out more about enzymes and peroxidase using the course textbook, other available books, and the Internet. They will then generate and investigate researchable questions. (In the Guided Inquiry approach, students will plan and conduct investigations of the researchable question(s) assigned by you.) 
Learning Outcomes

In this inquiry investigation, students will

· Identify variables, design and perform the investigation, collect data, analyze data, draw a conclusion, and formulate a knowledge claim based on evidence from the investigation.

· Determine the rate of the peroxidase catalyzed reaction converting H2O2 to H2O and O2.
· Determine the effect of increasing enzyme concentration on the reaction rate of an enzyme at a given substrate concentration.
· Determine the effect of increasing the substrate concentration on the reaction rate of an enzyme at a given enzyme concentration.
The Inquiry process

Suggested Time to Complete the Investigation
See page xiii in the Doing Inquiry Investigations section of Investigating Biology through Inquiry (BIO-I) for more information on carrying out each phase of an inquiry experiment.

	
	Inquiry Phase
	Open Inquiry
	Guided Inquiry

	I
	Preliminary Activity
	20 minutes
	20 minutes

	II
	Generating Researchable Questions 
(Omitted in Guided Inquiry Approach)
	10 minutes
	0 minutes

	III
	Planning
	10 minutes
	10 minutes

	IV
	Carrying Out the Plan
	50 minutes
	50 minutes

	V
	Organizing the Data
	10 minutes
	10 minutes

	VI
	Communicating the Results
	10 minutes
	10 minutes

	VII
	Conclusion
	5 minutes
	5 minutes


Materials

Make the following materials available for student use. Items in bold are needed for the Preliminary Activity. Many of these materials come in the Peroxidase Enzyme Activity – Advanced Inquiry Laboratory Kit, Big Idea 4, Investigation 13, from Flinn Scientific, Inc. (www.flinnsci.com, Catalog # FB2039)
	data-collection program
	extraction buffer 

	SpectroVis Plus spectrophotometer*
	reaction buffer, pH 5

	three test tubes, 13 x 100 mm**
	0.02% H2O2

	six 2 mL graduated transfer pipettes***
	0.2% guaiacol

	two plastic cuvettes with lids
	enzyme extract 

	goggles 
	test tube rack

	lint-free tissue
	others as suggested by students


* A Vernier Colorimeter or other Vernier-compatible spectrophotometers can be used (e.g., Vernier Spectrometer, Ocean Optics Red Tide Spectrometer)

** 15 mL conical tubes can be substituted

***Appropriate graduated transfer pipettes (1 and 5 mL) or pipettors (1 mL) may be substituted.

I  Preliminary Activity 
This inquiry investigation begins with an activity to reinforce prior knowledge of the use of Vernier data-collection technology and to introduce a method for collecting reaction-rate data for a reaction involving a color change.
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Sample Results

Figure 2  Reaction rate (initial velocity) of the peroxidase catalyzed reaction

Answers to the Questions

1.
What was the rate of reaction?
Answers will vary. The reaction rate determined in the Figure 2 is 0.004313 abs/s.
2.
List three factors that could possibly affect the rate of peroxidase catalyzed reactions.

Some factors affecting the rate of reaction are: enzyme concentration, substrate concentration, source of the peroxidase, temperature, pH, presence of an inhibitor, inhibitor concentration.
3.
List at least one researchable question concerning peroxidase catalyzed reactions.

Answers will vary. See the Researchable Questions list below for some possible answers.
II  Generating Researchable Questions
Note: Researchable questions are assigned by the instructor in the Guided Inquiry approach.
Some possible researchable questions for this investigation are listed below:
Recommended for Open Inquiry or Guided Inquiry (sample results provided)

· How does exposing the enzyme extract to various temperatures affect reaction rate?
· How does pH affect reaction rate?
· How does enzyme concentration affect reaction rate?

· How does substrate concentration affect reaction rate?
Recommended for Advanced Students (sample results provided)

· How does a Lineweaver-Burk plot compare to a standard plot of substrate concentration vs. reaction rate when estimating the apparent Km, Vmax and ½ Vmax of peroxidase?
There are many more possible researchable questions. Students should choose a researchable question that addresses the learning outcomes of your specific standards. Be sure to emphasize experimental control and variables. (Instructors using the Guided Inquiry approach select the researchable questions to be investigated by their students. We encourage you to assign multiple researchable questions because this strategy enhances student interaction and learning during phases IV–VII.)

III  Planning

During this phase students should formulate a hypothesis, determine the experimental design and setup, and write a method they will use to collect data. The plan should list laboratory safety concerns and specify how they will be addressed during the investigation. Circulate among the student groups asking questions and making helpful suggestions.

IV  Carrying Out the Plan

During this phase, students use their plan to carry out the investigation and collect data. Circulate among the student groups asking questions and making helpful suggestions.

V  Organizing the Data

Student groups or individuals should organize their data using graphs, tables, and/or charts that appropriately communicate the outcome of their experiment. They can prepare these using Logger Pro, LabQuest App, Graphical AnalysisTM for iPad®, PowerPoint, or other method.
VI  Communicating the Results

During this important and exciting phase of the inquiry process, student groups present their research results using oral presentations, poster presentations, or journal club formats. Interaction among groups researching different questions leads to a better understanding of enzyme kinetics.
VII  Conclusion

Using your notes recorded during the Communicating the Results phase, summarize the group results for the experiment and tell how they will fit into the upcoming instruction.

VIII  Assessment
Scientific inquiry assessment may take on many forms.
SAMPLE RESULTS

Student results will vary depending on experimental design.
Effect of Temperature Exposure on Enzyme Reaction Rate
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Figure 3  Exposing the enzyme to increasing temperatures decreases reaction rate.
	Table 1: Effect of Temperature

	Exposure Temperature
(°C)
	Reaction rate
(abs/s)

	21
	0.003633

	40
	0.003481

	60
	0.003363

	75
	0.001139

	90
	0.0003481

	100
	0.00007752


This investigation addresses the question, “How does exposing the enzyme extract to various temperatures affect reaction rate?” These data were collected using a modification of the Preliminary Activity procedure. See the Tips section for details.
The enzyme appears to begin to denature at higher temperatures since the rate of reaction decreases significantly after exposure to higher temperatures. 

Effect of pH on Reaction Rate
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Figure 4  Reaction rate decreases with increasing pH.
	Table 2: Effect of pH 

	pH
	Reaction rate
(abs/s)

	3
	0.0073

	4
	0.00699

	5
	0.00646

	6
	0.00589

	8
	0.00467

	10
	0.000398


This investigation addresses the question, “How does pH affect reaction rate?” These data were collected using a modification of the Preliminary Activity procedure. See the Tips section for details.

The rate of reaction decreased with increasing pH over the range of pH values tested. The reaction appears to significantly decrease at pH values higher than 6. 

The Effect of Enzyme Concentration
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Figure 5  Reaction rate (initial velocity) is proportional to enzyme concentration
	Table 3: Effect of Enzyme Concentration

	Enzyme volume
(mL)
	Enzyme concentration
(Relative)
	Reaction rate
(abs/s)

	2.0
	4
	0.0044

	1.5
	3
	0.0034

	1.0
	2
	0.0023

	0.5
	1
	0.0011

	0.0
	0
	0.0001


This investigation addresses the question, “How does enzyme concentration affect reaction rate?” The concentration of the H2O2 was held constant at 0.02%.
As shown in Figure 5, reaction rate was found to be proportional to enzyme concentration. See the Tips section for more details.
The Effect of Substrate Concentration
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Figure 6  Reaction rate (initial velocity) reaches a maximum as substrate concentration increases
	Table 4: Effect of Substrate Concentration on Reaction Rate

	Substrate concentration
(%)
	Reaction rate
(abs/s)

	0.06
	0.00488

	0.03
	0.00458

	0.02
	0.00412

	0.01
	0.00312

	0.005
	0.00202


	Table 5: Summary of Estimated Values

	Vmax
	½ Vmax
	Km

	0.00487 abs/s
	0.00243 abs/s
	0.0066%


This investigation addresses the question, “How does substrate concentration affect rates of peroxidase catalyzed reactions?” Data were collected using the H2O2 concentrations specified in Table 4.
As seen in Figure 6, a natural exponent curve fit matches the data well. The rate of the reaction initially increased rapidly but then approached a constant rate as the substrate concentration increased. The value of the maximum velocity, or Vmax, was estimated to be 0.00487 abs/s. Accordingly, the estimated value for ½Vmax, half the maximum velocity, is 0.00243 abs/s, and Km is then found to be 0.0066% H2O2. See the Tips section for more details.
Advanced Topic: Lineweaver-Burk Plot Using Substrate Concentrations
	Table 6: Lineweaver-Burk Plot Data

	Substrate concentration
(%)
	Reaction rate
(abs/s)
	Inverse of 
substrate concentration (1/%)
	Inverse of 
reaction rate (s/abs)

	0.06
	0.00488
	16.67
	204.9

	0.03
	0.00458
	33.33
	218.3

	0.02
	0.00412
	50.00
	242.7

	0.01
	0.00312
	100.00
	320.5

	0.005
	0.00202
	200.00
	495.1
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Figure 7  Use of a Lineweaver-Burk plot to determine the apparent Vmax, and Km of Turnip Peroxidase 
A Lineweaver–Burke plot is much more accurate for calculating the apparent Km, Vmax, and ½Vmax of enzymes. This form of plot makes a plot of reaction rate vs. substrate concentration linear. As shown in Figure 7, the y-intercept of the line is equivalent to 1/Vmax and the x-intercept is equivalent to –1/Km. As shown below, the y-intercept, x-intercept, and slope of the line can be used to calculate the Km, Vmax, and ½Vmax of peroxidase. Estimated and calculated values for peroxidase using the data presented above are listed in Table 7.
The slope is 1.616, and the y-intercept is 167.0
Y-intercept = 1/Vmax = 167; and Vmax = 0.00598 abs/s
½ Vmax = ½ (0.00598) = 0.003 abs/s
Xi = –b/m = –167/1.616 = –103.34. 1/–103.34 = –0.00967 and Km = –1 (–0.00967) = 0.00967 %
	Table 7: Comparing Values

	
	Vmax
	½ Vmax
	Km


	Estimated value
	0.00487 abs/s
	0.00243 abs/s
	0.0066%

	Calculated value
	0.00599 abs/s
	0.00299 abs/s
	0.00967%


Tips

1.
The instructions provided assume that you have purchased the Peroxidase Enzyme Activity – Advanced Inquiry Laboratory Kit, Big Idea 4, Investigation 13, from Flinn Scientific, Inc. (www.flinnsci.com, Catalog # FB2039). However, hydrogen peroxide can be purchased from most stores and instructions on making buffers from salts are also provided. 
2.
The reaction being studied in this investigation is temperature sensitive. Important: Be sure to bring all reagents to room temperature before use. 

3.
Each student group will require the following solutions in the specified amounts for the Preliminary Activity:

· 6 mL of reaction buffer, pH 5
· 4 mL of 0.02% H2O2
· 3 mL of 0.2% guaiacol
· 3 mL of extraction buffer
· 2 mL of enzyme extract (diluted from stock solution)
4.
To prepare the extraction buffer: 
a. Mix 250 mL of 0.2 M sodium phosphate monobasic solution with 250 mL of 0.2M sodium phosphate dibasic solution.

b. Bring solution above to 1 L with distilled or deionized water. The resulting solution is a pH  7, 0.1 M sodium phosphate buffer that is referred to as the extraction buffer.
c. Store in a capped container at 4ºC. This solution is stable for weeks at this temperature. The solution should be at room temperature when used.
5.
To prepare the reaction buffer, pH 5:

a. Dissolve the pH 5 buffer envelope in 500 mL of distilled or deionized water according to packet instructions. 
b. Store in a capped container at 4ºC. This pH buffer can be stored for weeks at this temperature. The solution should be at room temperature when used. 
6.
To prepare 0.02% hydrogen peroxide:

a. Dilute 3 mL of 3% hydrogen peroxide to a final volume of 500 mL using distilled or deionized water.

b. Store in a dark capped container at 4ºC. This hydrogen peroxide solution can be stored for a week at this temperature. The solution should be at room temperature when used.  

7.
To prepare the stock solution of enzyme extract:

a. Peel and cut a turnip root and cut into small pieces. 

b. Place 6 g of turnip in a blender. Add 500 mL of ice-cold extraction buffer. 

c. Blend for 6 minutes using 1 minute bursts. Wait 2 minutes between bursts.

d. Filter through filter paper into a pre-chilled container on ice. 

e. Store in a dark capped container at 4ºC. The enzyme extract can be stored for a week at this temperature. The solution should be at room temperature when used. 
8.
Many spectrophotometers, including the SpectroVis Plus, begin to lose linearity above an absorbance of 1.0. For this reason, you will need to determine the enzyme activity of the stock solution of enzyme extract. You will then need to dilute the stock solution to make the student enzyme extract:

a. Add 1 mL of stock enzyme extract to 9 mL of extraction buffer.

b. Test the resulting solution by following the Preliminary Activity instructions.

c. To get good data, the absorbance at the end of the experiment should not be higher than 1.

d. If the ending absorbance is above 1, the enzyme activity is too high. Repeat the test after diluting the enzyme extract further. 

e. Repeat until the appropriate relationship is observed. Good data will be obtained if the final absorbance reading (after 200 seconds) is between 0.8–1.
f. Prepare enough enzyme extract for your students. Dilute the stock enzyme extract solution as you determined above to make the student enzyme extract. Use extraction buffer for the dilution. 

g. Each student will need 2 mL of enzyme extract to complete the Preliminary Activity.

9.
Make sure that only the initial rate is used when calculating the slope of each run. This typically corresponds with the first 100 seconds of data collected (see Figure 2).


10.
Tips for determining the effect of temperature exposure on enzyme reaction rate:
· The enzyme extract can be pipeted into test tubes or 1.5 mL microcentrifuge tubes that are then placed in water baths at the desired temperatures. 
· The enzyme extract should be exposed to the specified temperature for at least five minutes.
· The enzyme extract should be returned to room temperature before determining the reaction rate. 

11.
Tips for determining the effect of pH on enzyme reaction rate:
· pH buffer envelopes are provided in the Peroxidase Enzyme Activity – Advanced Inquiry Laboratory Kit, Big Idea 4, Investigation 13, from Flinn Scientific, Inc. (www.flinnsci.com, Catalog # FB2039)

· Dissolve the desired pH buffer envelope in 500 mL of distilled or deionized water according to packet instructions. Prepare separate buffer solutions for each desired pH.
· Using the instructions in the Preliminary Activity, substitute the desired pH buffer for the pH 5, reaction buffer. 

12.
To create your own series of pH phosphate buffers, prepare 0.1 M sodium phosphate buffer stock solutions as follows: 
· Monobasic sodium phosphate:  Add 13.80 g of NaH2PO4•H2O to distilled water to make a total of 1 L of solution.

· Dibasic sodium phosphate:  Add 26.81 mL of Na2HPO4•7H2O to distilled water to make a total of 1 L of solution.
· Store the solutions in capped containers at 4°C. Buffer solutions are stable for weeks at this temperature.

· Mix monobasic and dibasic sodium phosphate buffer solutions to prepare sodium phosphate buffer solutions with various desired pH values in the pH 4.8–9.0 range. Store the solutions in capped containers at 4°C. Such buffer solutions are stable for weeks at this temperature.


13.
Tips for the determining the effect of peroxidase concentration on reaction rate:
· The enzyme solution in the Preliminary Activity is composed of 2 mL of pH 5 reaction buffer, 1 mL of enzyme extract, and 1 mL of extraction buffer. 
· Your students can create different concentrations of enzyme by always using 2 mL of pH 5 reaction buffer and 2 mL of solution containing both enzyme extract and extraction buffer.
· Workable combinations of enzyme extract, extraction buffer, and reaction buffer are presented below. 
	Table 8: A Possible Series of Enzyme Concentrations

	Test Tube
	Enzyme extract (mL)
	Extraction buffer 
(mL)
	Reaction buffer 
(mL)
	Final volume. (mL)

	1
	2.0
	0.0
	2
	4

	2
	1.5
	0.5
	2
	4

	3
	1.0
	1.0
	2
	4

	4
	0.5
	1.5
	2
	4

	5
	0
	2
	2
	4



14.
Tips for the determining the effect of substrate concentration on reaction rate:
· The substrate solution in the Preliminary Activity is composed of 1 mL of pH 5 reaction buffer, 2 mL of 0.02% H2O2, and 1 mL of 0.02% guaiacol. Your students can create different substrate concentrations by always using 1 mL of pH 5 reaction buffer and 1 mL of 0.02% guaiacol, and then using 2 mL of different concentrations of H2O2. 

· Results will vary, but good Vmax values were found using 0.06% H2O2. To create a stock solution of 0.06% H2O2, add 2 mL of 3% H2O2 to 98 mL of deionized or distilled water.
· Use the stock solution of 0.06% H2O2, to create substrate concentrations at 0.03, 0.02, 0.01, and 0.005%.


15.
Estimated Vmax, ½ Vmax, and Km values can be obtained using Logger Pro or LabQuest.
a. Extend the graph of rate vs. substrate concentration to 0.08%.

b. Produce a natural exponent curve fit.

c. Use the Interpolate feature to obtain an estimated value for Vmax. 

d. Divide the Vmax value by 2 to obtain ½ Vmax. 

e. To obtain an estimated value for Km, use the Interpolate feature to obtain the H2O2 concentration corresponding to the estimated value of ½ Vmax.

16.
Commercial hydrogen peroxide, which can be purchased at any supermarket, is used for this investigation. If it is refrigerated, bring it to room temperature before use. It is sold as a 3% H2O2 solution by weight. Assuming a 3.0% concentration and a density of 1.00 g/mL, the concentration of this H2O2 is 0.88 M. The molar concentration of diluted H2O2 solutions can be calculated using this formula:

[H2O2] = 0.88 M X (% H2O2/3% H2O2)

For example, 2% H2O2 = 0.88 M X (2/3) = 0.59 M H2O2

17.
Chemical hazard information:
Hydrogen peroxide, 3% solution: See safety documentation that came with the product for handling, storage, and disposal information.
Guaiacol: See safety documentation that came with the product for handling, storage, and disposal information.
The Science Catalog Reference Manual, published yearly by Flinn Scientific, Inc., is an outstanding reference that can be used as you order chemicals, store chemicals, mix solutions, use chemicals in you classroom, and dispose of chemicals. We strongly urge you to obtain and use a current copy of the Science Catalog Reference Manual by contacting Flinn Scientific at (800) 452-1261 or through their website, www.flinnsci.com. 

18.
More information about the sensor used in this Investigation, as well as tips for optimal performance, can be found in the sensor's user manual available for download from the Vernier web site, www.vernier.com/sensors.


19.
The plans that your students submit for approval should list laboratory safety concerns, including chemical safety concerns, and specify how they will address these safety concerns during their investigations. 

Figure 1
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