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At Towson University the MCTP Program in Elementary Education includes a two-semester sequence of introductory biology classes.  The unit described in this paper was used in the second semester course we taught together in the spring of 1995.  We chose to teach as a team and to integrate concepts from our two disciplines—biology and chemistry—as we wanted our students to appreciate the interdisciplinary nature of science.  This was a natural strategy for us since we had previously collaborated in writing a series of chemistry texts that integrate inorganic, organic, and biological chemistry, as well as biological applications based on fundamental chemical principles.  The course first focused on the concepts of chemical bonding and the links between a molecule’s structure and its chemical and physical properties.  These concepts were then applied to the study of enzymes, photosynthesis, and aerobic respiration.

Context and Goals

The topics addressed in this course are a selection of those one would find introductory biology and chemistry courses.  We began with the structure of the atom, helping students to construct the periodic table.  This led naturally to an investigation of the principles of chemical bonding and how they apply to biologically important molecules.  Students designed a series of experiments to investigate the relationship between bonding, structure, and properties.  These relationships were then applied to the study of enzymes and biochemical pathways.

In the past, we both had used a conventional lecture style to convey basic information.  Laboratories were largely of the “cookbook” variety.  In these laboratory exercises (notice that we do not call them experiments) students served primarily in the role of technician.  They benefited mainly by learning technique and manipulation.  They were not challenged to make predictions, design experiments, or evaluate the experimental design or conclusions.  

There are several reasons why we chose a different path.  We were dissatisfied with the conventional teaching methods just described, as well as with the lack of student involvement in that type of classroom.  We were also disturbed by our students’ inability to appreciate the interrelationships of the concepts taught in various courses in their undergraduate curriculum, including writing, mathematics, physics, chemistry, and biology.

All of the activities designed for this course were planned with a central goal: to give the students primary responsibility for their own learning and to allow them every opportunity to explore new relationships through observations and experimentation.

Enzyme Unit Objectives

There were a number of major themes and objectives addressed by this unit.  The first was for students to apply their knowledge of molecular structure and property relationships to construct a model of a protein structure, which they would use to understand the role of enzymes in chemical reactions.  A second objective was to integrate the scientific method into the students’ daily activities by having them design and critically analyze their experiments.  We also wished to provide the students with an appreciation of the way in which scientific knowledge is acquired and how it changes as new technologies become available.  Finally, we endeavored to prepare pre-service teachers to use a constructivist approach in their science teaching, an approach modeled after their own learning experiences in the course.

Pedagogical Considerations

Before we began the unit, the students were assigned an article entitled Life Beyond Boiling (Hively, 1993) to engage their interest in protein structure and enzymes.  The article describes microorganisms that live at temperatures above the boiling point of water and discusses aspects of protein enzyme structure that allow life to exist at such extreme temperatures.  The article was accompanied by a set of questions designed to assess the students’ prior knowledge and possible misconceptions, to determine what factual information they had derived from the article, and to challenge them to use the information learned in problem solving and critical thinking.

Through classroom discussion of the engagement article, we provided the students with the opportunity to examine their prior knowledge.  We were able to learn that the students had a functional understanding of enzymes.  They knew that enzymes speed up chemical reactions and that they are proteins.  We continued to monitor student ideas and beliefs throughout the unit through their electronic-mail journal entries, classroom discussion, and cooperative model-building.

The students were provided opportunities to invent and consider alternate beliefs about the way enzymes function through a series of experiments that encouraged them to investigate the nature of enzymes and enzyme-catalyzed reactions.  Discussion of the way in which scientists have modified the concept of enzyme-substrate interaction over the years allowed the students to appreciate the fact that our understanding of science changes as new information is gathered.

Students were encouraged to make connections between their classroom experience and the world around them.  Throughout the course students were expected to communicate these associations both in class and in their electronic-mail journal entries.  During this unit the students posed questions about the nature of enzymatic contact lens cleaning solutions and digestive enzymes.  These questions gave rise to very lively classroom discussions.  

We ensured that the students’ ideas and hypotheses were respected both by the other students and by the instructors, by continually reinforcing the ideas that any model has strengths and weaknesses regardless of whether the model was constructed by a Nobel Laureate or a beginning student.  All student ideas were subject to discussion, and were frequently modified as a result of class discussion.  This was not treated as a means of criticizing students, but rather as an effective sharing of ideas to establish and extend their level of understanding.  All students participated in this model-building and each seemed to feel satisfied that he or she had made a valuable contribution.  

Unit Chronology

The unit on enzymes required eight class days.  Because constructivist courses are primarily student-driven, the time required to cover these concepts and the precise content covered will vary for each class.  Included in the following chronology are brief anecdotes that describe the responses of our class to this unit.

The exercises described below involved simple, safe experiments requiring only inexpensive equipment and supplies available in an undergraduate chemistry or biology laboratory.  The complete laboratory exercise is appended to the end of this paper.  Technological support included commercial videotapes of experiments and computers for transmitting journals and preparing reports.

Day 1

To give the students a practical introduction to reaction kinetics, we showed a videotape of an experiment called “Elephant Toothpaste” (Brown, Wm. C. [Publisher], 1993).  The reaction studied is the breakdown of hydrogen peroxide into water and oxygen:

2 H2O2 (aq) → 2H2O (l) + O2 (g)

The evidence of the progress of the reaction is readily seen by the oxygen bubbles produced.  The investigators in the video examined the effects of temperature, concentration, and catalysis on the rate of the reaction.  Following the video, group discussion of the experimental results allowed the students to construct an elementary understanding of rates of reaction and the factors affecting reaction rates.

We then gave the class some further information about this reaction to make it biologically relevant.  We explained that hydrogen peroxide is a toxic by-product of aerobic respiration, which must be broken down in the cells of the body so that it does not damage our biological molecules.  We poured some hydrogen peroxide into a graduated cylinder.  The students perceived that, left to itself, the reaction occurs very slowly.  In fact, their observations led them to conclude that no reaction was occurring and that spontaneous breakdown of H2O2 would not be sufficient to protect cells from the harmful effects.  We discussed how we could speed up this reaction without harming the biological system.  All agreed that if we used heat it would harm the cells, and that we could not control the reactant concentration.  The class concluded that adding a catalyst would be the best solution.

We discussed the fact that the catalyst used in the videotape, potassium iodide, was inappropriate for biological systems.  This allowed us to introduce the concept of enzymes as biological catalysts.  Students then watched a second videotape in which dried yeast cells (bakers’ yeast) were used to “catalyze” the breakdown of hydrogen peroxide (Catalysis.  Brown, Wm. C. [Publisher], 1993).  They then carried out a modified version of the yeast experiment by pipetting drops of hydrogen peroxide onto a sterile agar medium and onto similar plates that had been inoculated with a variety of bacteria.  No reaction was apparent on the agar; however, the bacterial colonies caused furious bubbling.  This reinforced the idea that cells contain an enzyme that dramatically speeds up this biologically important reaction.

Day 2

Since the first day of class we had stressed model building as a means of understanding complex systems.  Today the class constructed molecular models of amino acids as a first step toward understanding protein structure.  Each student constructed a different amino acid.  This was easy for them because of their previous experience constructing different kinds of organic molecules.  They then modeled peptide bond formation and constructed a tetrapeptide.  We drew the reactions on the board using a color-coding scheme for the reacting functional groups to help the students focus on the bonds being broken and the bonds being formed in the reaction.  Again the students were able to “perform” the reactions and summarize them on the board with ease because of the chemical reactions they had modeled earlier in the course.

Using drawings, we then worked through the secondary and tertiary folding of a peptide chain.  We used the models and diagrams of amino acids to predict the types of interactions that would maintain these folded shapes (Caret, Denniston, & Topping, 1993).  Because of the solubility experiments that the students had previously carried out, they were able to categorize the amino acids as polar, nonpolar, or charged.  They were then able to predict which amino acids would be involved in the weak interactions that are responsible for protein folding: hydrogen bonding, hydrophobic and hydrophilic interactions, ionic bridges, and so on.

Day 3

The students’ electronic-mail messages and in-class agitation made it obvious that they were overwhelmed by the quantity of information generated in the preceding class period.  As a result, we reviewed the key concepts from the previous lesson.  Having been through the information once before, the students had lots of questions along the way.  This interactive discussion allowed us to clear up misunderstandings immediately and provide the “missing links” ion their model of protein structure.

Day 4

We introduced the quaternary level of protein structure using hemoglobin as the example because it is a protein familiar to most students (Caret et al., 1993).  We then discussed the older (lock-and-key) and more recent (induced fit) models of enzyme-substrate interaction.  The students were very impressed that Dr. Topping had learned the older model as short a time ago as when he was in school.  This seemed to give them a real “feel” for the fact that scientific information is constantly changing as new information becomes available.  The incident also impressed upon us that the experiences of people the students can relate to are valuable tools in the engagement process.

Day 5

The goal for this class period was to have the students perform a set of experiments on enzymes, collect the data, and discuss the results.  These experiments are similar in content and objective to those used in many introductory biology courses for non-majors (Hull, 1995).  To adapt them for use in a constructivist classroom, these laboratories were redesigned.  Students were required to predict the experimental results.  These predictions would be based on the experiences of the students in the classroom during the first part of this unit and on the information they gained from reading the engagement article.  In addition, the students were required to construct their own data tables and, when applicable to prepare a graphic representation of the results.  Finally, students were required to interpret their data, develop a model of enzyme-catalyzed reactions, and share their models with the class. 

We studied the properties of the enzyme polyphenoloxidase (PPO).  This enzyme catalyzes the oxidation of catechol to produce benzoquinone and water.  For a number of reasons this is an ideal enzyme to study.  First, students have observed this reaction many times.  When you bite into an apple or cut open a potato, the injured surface darkens.  The dark areas are caused by the PPO catalyzed oxidation of catechol to produce benzoquinone, which has been shown to exhibit anti-fungal properties and hence is beneficial to the injured plant tissues.  Benzoquinone is a rust-brown colored compound; thus students can easily observe the reaction by the development of this color.  Finally, the students can easily prepare the enzyme from a potato or apple (see Appendix for details).

In the first experiment, positive and negative controls were carried out.  The positive control, a mixture of enzyme and substrate, allowed the students to recognize a meaningful color change and understand the chemical and biological significance of the color change.  The negative controls, substrate alone or enzyme alone, demonstrated that both the enzyme and the substrate were required for the reaction to occur.  All reactions were carried out at 37o C and were observed at 5 minute intervals.  These tubes were saved to compare with the results of other experiments. 

In the second experiment the students investigated the biochemical composition of this enzyme.  We proposed that an enzyme is composed of one of three types of biological molecules: starch, protein or lipid.  All of these are polymers that can be destroyed by hydrolysis.  Samples of the potato enzyme were treated with either bacterial protease, which hydrolyzes protein; amylase, which hydrolyzes starch; or lipase, which hydrolyzes fat.  If the enzyme is broken down, it can no longer convert substrate to end-product and no rust-brown color occurs.  Alternatively, if the enzyme is not broken down, it will produce the end product and the rust-brown color will appear.

In the third experiment, the students investigated whether PPO requires a metal ion cofactor in order to catalyze the reaction.  Phenylthiourea (PTU), which binds very strongly to divalent cations, was added to the PPO extract to remove any such cations that might be acting as cofactors for the enzyme.  By observing whether the enzyme was still able to catalyze the formation of benzoquinone, students were able to determine whether a metal ion is required by the enzyme.  

In the fourth experiment, the students investigated the specificity of PPO.  Enzymes may accept only a single substrate into the active site, in which case they are described as exhibiting absolute specificity.  However, some enzymes are able to form complexes with several substrates bearing the same functional group and having similar structures.  An enzyme having this property is said to have group specificity.  The students compared the ability of PPO to catalyze the oxidation of three different but structurally related substrates: catechol, phenol, and hydroquinone.  Based on product accumulation, students were to determine whether PPO demonstrates group or absolute specificity.

In the fifth experiment, the students investigated the effects of pH on enzyme activity.  Extremes of pH can affect the structure of an enzyme by disrupting the hydrogen bonds that link the amino acids between different portions of the protein strand.  This results in a change in the structure and hence the shape of the active site and influences the ability of the enzyme to function.  Students estimated the level of enzyme activity at three pH levels—2, 7, and 14.

In the sixth experiment, the students investigated the effects of temperature on enzyme function.  Increasing the temperature may increase the rate of a reaction by increasing the kinetic energy of the molecules.  However, if the temperature becomes too high, the shape of the enzyme active site may be changed, thereby destroying enzyme activity.  Students estimated the level of enzyme activity at 0, 20, 37, and 100o C.

After the students had completed the experimental work, we began a discussion of the purpose of the control experiments.  Following a lively discussion involving both students and instructors, the students concluded that both enzyme and substrate are required for the reaction to occur.  From their data, students further concluded that this enzyme is a protein and that it requires a cofactor.  We talked about the differences between a cofactor (a metal ion that remains bound to the enzyme) and a coenzyme (an organic molecule that participates in the enzyme catalyzed reaction but is not permanently associated with the enzyme structure).  In response to one of the questions accompanying the lab exercise, the class designed an experiment to show whether the metal ion was acting as a cofactor or a coenzyme.  The students decided that they needed to find a way to separate molecules from one another.  Because these students have no molecular tools in their tool kits, we described ways to separate proteins and other cellular components by column chromatography.  We told the students to continue working on their experimental design and to consider the laboratory questions for the next class period.

Day 6

Because the students had shown great interest in separation of cellular macromolecules by column chromatography, we brought some high performance liquid chromatography (HPLC) columns and packings for them to examine.  They were fascinated with the idea this fine powder really consisted of tiny glass beads with even tinier pores and channels through them.  Because they wanted to examine the beads in greater detail, we brought out the microscopes and the class examined them thoroughly and discussed the way in which they were manufactured.  This allowed us to introduce the history of an ancient technology, production of lead shot and miniballs, to explain the methods used to manufacture some types of chromatography beads.  We then completed our discussion of the experiment the students had designed to distinguish between a coenzyme and a cofactor.  They “argued” back and forth and, in the end, put together a well-designed, properly controlled experiment.

We then continued our discussion of the experimental results from the previous class period, beginning with the enzyme specificity experiment.  We immediately ran into a problem.  The students had recorded different “colors” for their results.  Of course, the tubes had been discarded the period before, so there was no way to observe the result again.  As we discussed this experiment further, it was also clear that one of the experimental substrates, phenol, generated a completely atypical color reaction.  From their description, it sounded as though the phenol had denatured the enzymes.  The students decided that phenol was a poor choice as an experimental substrate.  Thanks to our prior class work on isomers, they recognized that another structural isomer of catechol was possible, and proposed that it might work better than phenol.  They drew the structure of the proposed compound on the board; we determined that it was resorcinol and decided to order some for further experiments.  The students also recognized flaws in their observational skills, ability to accurately describe results, and record-keeping procedures.  After a rather intense group discussion, the students decided on a more accurate, efficient, and reliable method.  

We then looked at the experiments designed to test the effect of pH and temperature on enzyme activity.  The students prepared graphs of their experimental results and concluded that the enzyme has a very broad range of pH and temperature over which it is active.  We discussed why this might be the case.  The class then initiated a discussion of digestive enzymes that must function at extremes of pH.  We concluded the day by deciding to repeat the control and specificity experiments using the substrate and experimental design modifications suggested by the class.  These included the use of resorcinol instead of phenol, preparation of enzyme from apples as well as potatoes, carrying out all reactions in duplicate, and trying to improve upon the observation and data recording skills.

Day 7

The students prepared enzyme from potato and apple and carried out the experiments as they had planned during the previous class period.  The atmosphere in the lab was very interesting to observe.  The students were very familiar with the procedures.  As a result, setting up the reactions required less concentration than it had the previous class period.  They chatted with one another in a very relaxed fashion.  When attention to detail was required, the chatter stopped and the experiment was attended to.  Then the chitchat started again.  This is very reminiscent of the atmosphere in a research laboratory.  When concentration is required, all is quiet; but at other times there is relaxed conversation.

At the end of the period we examined the results.  Catechol gave the most complete reaction; resorcinol resulted in no reaction; hydroquinone showed some darkening.  The class decided that the reaction was occurring, but at a slower rate because the substrate does not fit as well into the active site.  We decided to test this by leaving the reactions in the refridgerator over the weekend.

Day 8

We carried out a discussion of the entire enzyme lab.  I told the students that I had discussed their experimental modification with Dr. J. Hull, editor of the introductory biology lab book (Hull, 1995).  The students were delighted to learn that the experimental substrate they had selected would be used in the next edition of the lab manual.  This was very important reinforcement of their sense that they have the ability to contribute significantly to the sciences.

Since this was the last day of the enzyme unit, we had the students compare their understanding of protein structure and enzyme activity at that point with their understanding at the time we began the unit.  After each student had prepared his or her own written summary, the students shared the summaries with one another.  They then came up with a series of global statements to summarize their understanding of proteins and enzymes.  This proved to be a very useful assessment tool.  

Assessment

Throughout the course we relied on a variety of types of assessment.  In some cases, the assessment was used to assign a grade; more frequently the assessment was simply a tool to allow us to monitor the level of understanding or to determine the direction the course should take.

Student electronic-mail journals proved to be a very effective means of assessing student progress in constructing their models of the concepts being studied.  Because our class was small, we frequently began with an informal discussion.  This allowed us to delve into some of the ideas and questions the students expressed in their journals and to discover developing misconceptions or faulty preconceptions that students had not yet addressed.  Periodically the students were required to summarize their current understanding of a topic and compare this to the ideas they had at the beginning of the unit.  They then shared their summary with the class, and worked cooperatively to arrive at a class consensus, which was discussed by all.

Assessment for grading purposes was generally in the form of a problem-solving exam.  To make the exams authentic, they reflected the experience of the students in the class.  Many exam questions focused on critical analysis of experiments done in class, requiring the students to discuss the limitations of the experiment and design an improved experiment.  Others required the students to use the approaches and concepts studied in class to solve related problems.  As the course proceeded, greater numbers of questions focused on the application of the basic principles of chemistry, studied in the first half of the course, to problem-solving in biological systems.

Reflection

One of our concerns was that we would be unable to cover enough content in this course because of the large amount of time required by the students to construct their own understanding of each of the principles investigated.  To our surprise, the limited number of topics and the freedom of the students to investigate them allowed the students to adopt a “need to know” attitude.  As a result, they came to recognize what information they needed to bring to bear on the solution of a particular problem and to independently seek out that information.  In addition, they developed an appreciation of the need to apply information from different disciplines to the solution of a problem.  Thus, the students not only learned a reasonable cross-section of material, but were able to apply their knowledge to the solution of problems and design of experiments.

Although we tried to model learning science by doing science, and thereby hoped to engender an attitude of scientific curiosity, we were disappointed with two aspects of the students’ behavior.  The first was that they remained extremely grade conscious.  The second was the difficulty with which the students adapted to cooperative group work.  These two concerns may be, in reality, a single concern.  From early days these students have been taught to be competitive and that sharing work is an act of cheating.  As we all know, preconceptions are very difficult to overcome.

Summary

A commonly used set of laboratory exercises investigating the properties of enzymes was adapted for use in a constructivist classroom.  These studies involved student preparation of an enzyme extract from a potato and use of the extract to investigate the properties of the enzyme.  Before each experiment, students were required to predict the outcome based on previous classroom investigation of the role of enzymes in biochemical reactions.  Students were further required to carefully analyze the results of each experiment and present the results in a meaningful way.  Throughout each experiment the students were given the opportunity to suggest and conduct experiment design modifications based on their analysis of the results.  Authentic assessment was an ongoing component of the course.
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Appendix

PROPERTIES OF ENZYMES
OBJECTIVES

The purpose of this exercise is to examine biological reactions with respect to the characteristics of the enzymes which control them. You will examine how enzymes are affected by various factors including substrate availability and type, inhibitors, temperature, cofactors, and pH. In addition, you will draw conclusions from a series of observations. Upon completion of this exercise, you should be able to:

· describe the effects of pH, temperature, substrate availability, and cofactors on enzymatic reactions;

· draw conclusions from observed experimental results;

· develop hypotheses to propose the cause of observed results.

MATERIALS AND EQUIPMENT
· Each of the following solutions should be placed in wash bottles and kept in an ice bath: potato extract containing polyphenoloxidase (PPO), 1% catechol, 1% resorcinol, 1% hydroquinone, 1% bacterial protease, 1% amylase, 1% lipase, pH 2.0 buffer, pH 7.0 buffer, pH 14.0 buffer.

· The following should be available at each table: test tube rack with 18 test tubes, glass marking pencils, wash bottle containing distilled water, 15 cm ruler, phenylthiourea crystals (PTU).

· The following should be available for the entire class use: test tube brushes, carboy filled with distilled water, electric blender, 1000-ml plastic pitcher, cheese cloth, white potato or apple, waterbath with capacity for 120 test tubes, potato peeler, paring knife, 600-ml beaker ice bath, hot plate with 600-ml beaker.

PREPARATIONS

Immediately prior to class, the students should prepare the potato extract as follows: Peel and slice a white potato and place into a blender with 700 ml distilled water. Homogenize for two minutes. Strain homogenate through cheese cloth. The liquid portion contains the enzyme, polyphenoloxidase (PPO). This extract should be divided into several wash bottles and placed into an ice bath. This potato extract contains polyphenoloxidase as well as numerous other enzymes and materials which we will not be measuring. In addition there is some catechol which occurs in the potato which will serve as a naturally occurring substrate for the reaction we will be studying.


Students should work in cooperative groups. Before beginning, all test tubes should be rinsed with distilled water. Using a glass marking pencil, divide each tube into three 1 cm units beginning at the inside bottom of the tube. To save time, substances will be "squirted" into the tubes in 1 cm units. All of the following experiments may be set up and run at the same time.

KEY CONCEPTS

 Develop an understanding of each of the following concepts: catalyst, coenzyme, cofactor, enzyme, hydrolysis, and substrate.

GENERAL INTRODUCTORY QUESTIONS:
1. What happens to the white flesh of an apple, banana, or potato when you cut it open and expose it to the air?

2. Why do you suppose that this change occurs?

3. Do you think this is a physical or a chemical change?

4. Have you ever prepared a fruit salad and added an ingredient that stopped this reaction from occurring?

INTRODUCTION

Most chemical reactions which occur in living cells are catalyzed by enzymes. Without these naturally occurring biocatalysts, the rate of physiological reactions at physiological temperatures would be so slow that life as we know it could not exist.


We shall study the properties of one particular enzyme, polyphenoloxidase (PPO). This enzyme catalyzes the oxidation of catechol to produce benzoquinone and water.




This reaction is one which you have observed many times. Many plants contain catechol and PPO in their tissues. When these tissues are damaged (e.g., when you bite into an apple), the injured surface darkens. The dark areas contain polymers of benzoquinone. Benzoquinone has been shown to exhibit anti-fungal properties and hence is beneficial to the injured plant tissues.


This reaction has practical application for the food processing industry. Fruits and vegetables are processed in reduced oxygen conditions, such as in a SO2 atmosphere, until the enzyme is broken down by heat processing. Therefore, processed foods do not show the unappetizing appearance caused by the polyphenoloxidase reaction.


Benzoquinone is a rust-brown colored compound, so its presence can be easily detected qualitatively. This property allows us to detect that the reaction has occurred by the development of a rust-brown color. 

EXPERIMENT 1:  Reference Reaction

Obtain three tubes and mark off three 1 cm increments on each. Each tube must be labeled with an appropriate symbol. Place 1 cm of potato extract (w/PPO) + 1 cm of catechol + 1 cm of distilled water in the first tube, 1 cm of potato extract (w/PPO) + 2 cm of distilled H2O into the second tube, and 1 cm of catechol (1% solution) + 2 cm of distilled H2O into the third tube.


Shake all tubes and place in a waterbath at 37oC for 10 minutes. Save the tubes to use for comparison with the results in the other experiments.
Prediction: 

Which of the tubes in Experiment 1 do you think will show the color change that indicates that the reaction has occurred? Why?

Observations and Interpretation of Results:
1. Construct a data table. At 0, 5 and 10 minute intervals note and record the color or the solution in each tube. 

2. What is the brown-colored substance in Tube A-1?

3. From this experiment, what materials are necessary for the reaction to occur?

4. Why were the tubes placed in a 37oC waterbath?

EXPERIMENT 2:  The Chemical Composition of Polyphenoloxidase

In this experiment you will test the kind of chemical substance which makes up an enzyme such as polyphenoloxidase. To perform this test we will propose that an enzyme is composed of one of three types of chemicals: starch, protein or lipid (fat). All of these are polymers which can be hydrolyzed into their component parts. A hydrolysis reaction is one in which the larger molecule is broken down enzymatically by inserting water into the molecule breaking it down into smaller molecules. The basis of this experiment is that if we treat the extract with a material known to break down a specific type of substance, we can deduce the chemical nature of polyphenoloxidase from the results. If the enzyme is broken down, it can no longer convert substrate to end product and no rust-brown color occurs. Alternatively, if the enzyme is not broken down, it will produce the end product and the rust-brown color will appear. We will use the following hydrolyzing enzymes: Bacterial protease hydrolyzes protein; Amylase hydrolyzes starch; Lipase hydrolyzes fat.


Mark four tubes into 3 intervals of 1 cm and label them. To each of the four tubes add 1 cm of potato extract (w/PPO). Then add the following: 1 cm of distilled water to the first tube; 1 cm bacterial protease solution to the second tube; 1 cm of amylase solution to the third tube; and 1 cm of lipase solution to the fourth tube.


Shake all tubes thoroughly and place them in a waterbath at 37oC. After 45 minutes, add 1 cm of catechol to each tube. Shake. Return the tubes to the waterbath for 10 additional minutes. 


In the tubes in which polyphenoloxidase was not digested by the hydrolytic enzyme, benzoquinone and a rust-brown color will be formed when catechol is added. This would be a negative result. In the tube in which PPO was hydrolyzed, no benzoquinone will be formed and hence no color change will occur when catechol is added.

Predictions: 

1. If the enzyme polyphenoloxidase is a lipid, which hydrolytic enzyme will destroy it? 

2. If the enzyme PPO is a starch, which hydrolytic enzyme will destroy it? 

3. If PPO is a protein, which hydrolytic enzyme will destroy it?

4. How will you tell if the PPO has been destroyed?

Observations and Interpretation of Results:
1. Construct a data table and record your results.

2. In which tube(s) was benzoquinone formed?

3. In which tube(s) was benzoquinone not formed?

4. What is the purpose of Tube B-1?

5. From the observations in Experiment 2, what can you conclude about the chemical structure of polyphenoloxidase?

EXPERIMENT 3:  Cofactors

Some enzymes require the presence of other molecules or ions to perform their function. These non-enzyme substances are called cofactors. In this experiment we will use phenylthiourea (PTU), which binds very strongly to divalent cations (ions with a plus-two charge such as copper, manganese, magnesium, ferrous iron, etc.), to remove any cation from the enzyme and, therefore, determine if a cofactor is needed for the catechol-PPO reaction.


Label two tubes and mark two intervals of 1 cm on each. To each tube (C-1 and C-2) add 1 cm of potato extract. Add a few crystals of PTU to the second tube. Shake both tubes thoroughly and frequently for 5 minutes. Add 1 cm of catechol solution to each tube and place them in a waterbath at 37oC for 10 minutes. 

Predictions:
1. If PPO requires a divalent cation (a positively charged ion with a +2 charge) to remain active, what effect do you think the PTU will have?

2. What do you think is the function of a metal ion in the function of an enzyme?

Observations and Interpretation of Results:
1. Construct a data table and record your observations.

2. What is the importance of tube C-1?

3. What conclusion can you make concerning the necessity of a cofactor for polyphenoloxidase to function?

4. Some cofactors are prosthetic, which means they form an integral part of the enzyme, while other cofactors are free and must simply be present in the medium. If the cofactor for PPO was copper, suggest a treatment you might perform to test if the PPO cofactor is prosthetic or free.

EXPERIMENT 4: Enzyme Specificity

The current theory of enzyme activity states that an enzyme catalyzes a reaction by forming an enzyme-substrate complex. Formation of this complex is dependent upon the substrate fitting into the enzyme at a location called the "active site." Some enzymes are able to form complexes with several substrates which are of similar structure. An enzyme having this property is said to have "group specificity." Other enzymes are known to react with only one substrate and are said to exhibit "absolute specificity." The following experiment compares the ability of polyphenoloxidase to combine with three different but structurally related substrates: catechol, resorcinol, and hydroquinone.



Label three test tubes and add 1 cm of potato extract (w/PPO) to each. Add 1 cm of catechol to the first tube; add 1 cm of resorcinol to the second tube; and add 1 cm of hydroquinone to the third tube.

Shake the tubes gently. Place in waterbath at 37oC for 10 minutes. 

Predictions:
1. If PPO were group specific, which substrates do you predict would be most likely to serve as an alternate substrate?

2. Explain your reasoning.

Observations and Interpretation of Results:
1. Construct a data table and record any color change.

2. With which substrate does polyphenoloxidase react best? Least? 

3. Does polyphenoloxidase exhibit absolute specificity, group specificity or something in between? Explain your reasoning.

EXPERIMENT 5: Effects of pH

Because the shape of the active site has important influences on the ability of an enzyme to form an enzyme-substrate complex, the pH of a solution often influences the ability of an enzyme to function. The hydrogen ion concentration in a solution is measured by the pH. Hydrogen ions (H+), or alternatively hydroxyl ions (OH-), affect the secondary (and to a much less extent the tertiary and quaternary) structure of enzymes by disrupting the hydrogen bonds which link the amino acids between different portions of the protein strand. This results in a change in the secondary structure and hence the shape of the active site. 


Mark three tubes with three intervals of 1 cm. Label these tubes.  Into each of the tubes add the following:  1 cm pH 2.0 buffer + 1 cm potato extract (w/PPO) to the first tube; 

1 cm pH 7.0 buffer + 1 cm potato extract (w/PPO) to the second tube; and 1 cm pH 14.0 buffer + 1 cm potato extract (w/PPO) to the third tube.


Shake. Add 1 cm of catechol to each tube and shake again. Place in the 37oC waterbath for 10 minutes.

Prediction:
The pH in the interior of a cell is near 7 (neutral). Knowing this, at which pH do you think the enzyme will function optimally?  Explain your reasoning.

Observations and Interpretation of Results:
1. Construct a data table and record your results. Rank the tubes from lightest to darkest as 1 to 3. 

2. Prepare a graph representing your results.

3. Does pH affect polyphenoloxidase?

4. Does pH slow the reaction or stop it altogether?

EXPERIMENT 6: Effect of Temperature

Temperature affects enzymatic reactions in several ways. During the reaction, temperature affects the kinetic energy of the molecules, which in turn affects the frequency of collisions between substrate and enzyme as well as the energy of activation for the reaction. In addition, enzymes are directly affected by temperature. If temperatures are not appropriate, the shape of the enzyme's active site may be changed. In some cases this change is permanent, and the enzyme is referred to as denatured. Denatured proteins usually appear as a white precipitate.


Mark four tubes with two intervals of 1 cm and label. Into each tube add 1 cm of potato extract. Place one tube into the following conditions for 5 minutes: ice bath (0 oC);  room temperature (20 oC);  37 oC water bath; boiling water (100 oC).


After the 5 minutes add 1 cm of catechol to each tube and place back into the conditions above. Observe after an additional 5 and 10 minutes.

Predictions: 

1. Most living systems that we know about function best in the temperature range of 20-40 oC. Knowing this, at what temperature do you think the enzyme will function optimally?

2. From reading the paper on life above the boiling point of water, why do you think that the potato enzyme is most active at the temperature you have predicted?

Observations and Interpretation of Results:
1. Construct a data table and record your observations.

2. At which temperature did the most benzoquinone form? At which temperature did the least benzoquinone form?

3. Did any temperature treatment denature the enzyme?

CONCLUDING QUESTIONS
1. Why do cooks sprinkle lemon juice on cut bananas which are used for decorations on top of cream pies? What is the mechanism of action of the lemon juice?

2. Explain the effects of increasing temperature, shown in the graph below, on enzyme activity. 
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3. Propose a mechanism for the effects of pH on enzyme activity.

4. What determines with which substrate an enzyme will react?
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