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Abstract
Typical biochemistry labs exploring basic enzyme activity rely on costly, time-consuming protein purification and rarely
explore enzyme function in situ. Further, complex purification procedures leave little room for novelty in experimental
design. Here we present an inquiry-driven laboratory exercise for biochemistry undergraduates and adaptations for a
general education science course. Each student designs a unique experiment to test their hypothesis regarding the nature
of avocado browning in a three-hour span. In the presence of oxygen, polyphenol oxidases (PPO) catalyze oxidation of
phenolic compounds into quinones, the polymerization of which creates the visible browning of many cut fruits. Avocado
fruit, a source of both enzyme and substrate, is a safe, low-cost vehicle for semi-quantitative experimentation. During the
incubation, biochemistry students use the Protein Data Bank and primary literature to understand the structure-function
relationship of PPO and other molecular components of the avocado. Non-major students discuss how pH, temperature,
and substrate availability affect PPO. Visible browning pigments appear on a controllable time scale. Students can
photograph results to create a figure to accompany semi-quantitative analysis of experimental results in a single lab
period. Since avocados are familiar foods and select test reagents are generally recognized as safe, the optimal protocol
investigated in the lab can be further applied to best practices in the kitchen in everyday life, promoting the transfer of
knowledge learned in the classroom to practical environments.
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Learning Goal(s)

Learning Objective(s)

From Biochemistry and Molecular Biology Learning Framework:

Students will be able to:

• “How do enzymes catalyze biological reactions?”

• develop a testable research question and supportive hypothesis
regarding the browning of damaged avocado flesh caused by the
activity of avocado polyphenol oxidase (aPPO).
• design and execute a well-controlled experiment to test aPPO
hypotheses.
• evaluate qualitative enzyme activity data.
• create a figure and legend to present qualitative data that tests
multiple hypotheses and variables.
• search for and correctly cite primary literature to support or refute
hypotheses.
• know the role of reducing reagents, pH, chelators, and temperature
in reactions catalyzed by aPPO.
• explain why the effects of salt and detergent differ for aPPO
experiments conducted in situ (in mashed avocado flesh) as
compared to in vitro (on purified protein).
• discuss how substrate and cofactor availability affect aPPO
reactions.
• describe how endogenous subcellular organization restricts aPPO
reactions in a healthy avocado.
• evaluate food handling practices for fruits expressing PPO.

Students will be able to explain the role of multiple conditions
(e.g. reducing reagents, pH, chelators, temperature, etc.) on an
oxidation reaction.
• “How is the biological activity of macromolecules regulated?”
Students will understand how substrate and cofactor availability
affect enzymatic reactions.
Students will be able to explain how subcellular organization
restricts enzyme activity.
• “How are structure and function related?”
Students will be able to explain the importance of optimal
temperature and pH for enzyme function.
Students will know that metal ions are critical in metalloprotein
catalysis.
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Background on Avocado Polyphenol Oxidase

INTRODUCTION

The avocado tree (Persea americana) produces edible fruits
marketed worldwide. Since the 1970s, the primary global
variety is the “Hass” avocado, rich in diverse lipids, minerals,
vitamins, and phytochemicals (17). Avocados are difficult to
preserve and process due to a tendency to quickly turn brown
when cut or damaged (15). Avocado browning is a multistep process initiated by the enzyme avocado polyphenol
oxidase (aPPO). The literature discussing browning reactions
employs aliases for the enzymes that drive the process. PPO
is a general term for oxidoreductases that employ a dinuclear
copper center to catalyze two types of reactions: the insertion
of oxygen in a position ortho- to an existing hydroxyl group
in an aromatic ring (tyrosinase or monophenol oxidase
activity; EC 1.14.18.1) and the oxidation of o-diphenols
(tyrosinase and catechol-oxidase activities; EC 1.14.18.1 and
EC 1.10.3.2) [Figure 1; (2,18)]. While enzyme nomenclature
differentiates between the two activities, it appears that aPPO
has dual activity in catalyzing the oxidation of monophenols
and polyphenols in the presence of oxygen (19). Resulting
o-quinone products are subsequently converted irreversibly
into brown polymeric pigments (melanins) in a series of nonenzymatic reactions. Kinetics of Hass avocado puree browning
and aPPO inhibition follow first-order models (20). PPOs are
responsible for browning in many fruits and vegetables as well
as diverse species including animals and fungi (21).

Origin of the Lesson

We created this lab to introduce biochemistry students to
experimental design, data interpretation, and the limitations
of a given experimental approach, all of which are critical
skills for biochemistry and molecular biology undergraduates
(1). We selected a study of enzyme activity for this foray into
experimental design because it is understood by most students
early in the first semester of biochemistry and is of central
disciplinary importance. Polyphenol oxidase (PPO) is a good
model enzyme because it is highly active in many plants and
fungi and reliably produces a visible product on a reasonable
time scale (2). Several available exercises exploring enzymatic
browning couple protein purification from fruits such as
grapes, apples, or bananas with kinetic analyses using a
variety of synthetic substrates and/or inhibitors (3-5). While
such labs are excellent for teaching technical biochemistry
skills and demonstrating basic principles of enzymology, they
leave little or no room for inquiry-driven experimentation, a
key recommendation of the Vision and Change report (6).
Inquiry-driven laboratory experiences can be broadly
categorized as either “guided” or “open” based on the extent
to which the instructor knowingly controls the experimental
design and outcome (7). A guided inquiry approach expects
students to follow prescribed experimental directions,
gather their own data, and analyze their results to establish
relationships between variables. In open inquiry, students
use provided background to design their own procedures
to precede their analysis and conclusions. Ultimately,
research scientists engage in authentic inquiry, developing
every element of the scientific method (8). Early in a 200or 300-level biochemistry course, we expect to see students
begin tackling the challenges of open inquiry as they
develop into independent thinkers. Because of the inherent
technical complexities of biochemistry experimentation,
most biochemistry lab exercises are multi-week, semesterlong, or year-long projects, often as part of a course-based
undergraduate research (CURE) format (9-11). More recently
published exercises on PPO browning have simplified the
enzyme extraction protocol but still require the use of added
substrates and would be considered more “guided inquiry”
(12-14).

Figure 1. Reaction pathway in the browning of Hass avocado by
polyphenol oxidase. The first two steps, monooxygenation and oxidation,
are catalyzed by dual enzyme activities of aPPO in the presence of
oxygen. Non-enzymatic polymerization reactions occur in multiple
subsequent steps. The brown polymers are visible to the naked eye.

The structure of aPPO is not yet published, though the Hass
genome (GenBank: NXHZ01000005.1) and transcriptome
(22) have been sequenced. The 3D crystal structures of diverse
plant PPOs (Figure 2A) depict their universal classification as
type-3 copper proteins with structural diversity outside of the
active site (23-29). The type-3 copper protein family is defined
by a binuclear active site comprised of two copper ions, each
coordinated by three conserved histidine residues (Figure 2BD). Outside of their similar active sites and the ability to bind
molecular oxygen, type-3 copper proteins differ in sequence
and structure, including substrate-binding pockets (30).

In order to introduce open-inquiry biochemistry
experimentation in a one-week, standalone format, we provide
a protocol to use unpurified avocado pulp as a relatively
cheap, broadly available source of both the enzyme and
substrate. Students employ either common household items
or laboratory reagents to systematically test one of several
different variables that affect avocado browning on a roughly
two-hour time scale. All required reagents can be purchased
at a grocery store. Laboratory facilities and equipment are not
required. Students are assessed with an in-lab presentation
and with a figure coupled to a publication-style “Results &
Discussion” section. Enzyme activity and inhibition in situ is
relevant to the food industry (15,16), so conclusions can be
related back to handling of fruit. The goal of our open inquiry
exercise is to relieve students of technical complexities and
give them an opportunity to focus on quality experimental
design in a qualitative exploration of enzyme catalysis.
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Latent aPPO accumulates embedded in thylakoid
membranes in avocado parenchyma cells, and its manifold
phenolic substrates are separately sequestered in cell vacuoles
[Figure 3; (31,32)]. Thus, interaction between aPPO, phenolic
substrates, and oxygen occurs only after cell disruption and
exposure to air, which occur during cutting and mashing
(33). Both aPPO (34) and its phenolic substrates (35) vary in
identity and quantity amongst avocado varieties. The brown
melanins are thought to confer resistance against herbivory
in some plants, though the in vivo function of aPPO has not
been thoroughly studied (33). In contrast, inhibition of fruit
browning is heavily studied because it adversely affects food
marketability. Efforts to control avocado browning date back
2
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Figure 2. The 3D structures of PPO from plant species reveal type-3 copper protein classification. (A) While the structure of aPPO has not yet been
published, the Protein Data Bank (PDB) includes crystal structures from six unique species of somewhat diverse phylogenetic classification that have
homologous PPO (A. bisporus is an edible fungus; the others are plants). Phylogenetic relationships were generated by the Interactive Tree of Life (44).
The dicopper active site is similarly placed within apple (B) and mushroom (C) PPO [PDB IDs 6ELS and 5M6B; (24, 27)]. Clusters of helice (cyan) create
hydrophobic pockets for substrate binding. (D) Two copper ions are each coordinated with three critical histidine residues in apple and other PPOs
(PDB ID 6ELS). Protein structures are depicted using The PyMOL Molecular Graphics System, Version 2.2.3, Schrodinger, LLC (licensed to K. Riley).

Intended Audience

to 1937 (36). Purified aPPO is active over a wide range of
pH values (4-8), with a maximum around pH 7. Thermal
denaturation occurs around 60-65˚C (37). Relative to other
fruits, purified aPPO is highly active and resistant to inhibition
(34). Enzyme activity and response to inhibitors differs for
purified aPPO versus that which is present in situ within the
context of mashed avocado fruit pulp (19), illustrating the
influence of environment on enzyme activity.

This experiment is intended for delivery early in the
semester of an upper-level undergraduate biochemistry lab
for students majoring in biochemistry or a related field. A
simplified version, described in the discussion, is modified for
non-science majors in a kitchen chemistry course and could
also be deployed in a general biology classroom. It has been
tested at a small liberal arts college during 10 semesters with
6-29 students per biochemistry lab section and two semesters
with 12-16 non-majors per lab section.

Required Learning Time

Independent student preparation time is approximately
one hour in advance of the lab. This entire exercise can be
completed in a single lab session of three hours. A detailed
timeline with typical progress is provided (Table 1).

Prerequisite Student Knowledge

For 300-level biochemistry students, we expect a basic
understanding of the scientific method, organic chemistry,
redox reactions, protein structure/function, and enzymes. For
general education students, minimal prerequisite knowledge
is required beyond basic high school science content.

Figure 3. Phenolic substrates and aPPO are physically separated in avocado
parenchyma cells. A variety of phenolic substrates (S; red) accumulate in
the vacuole (blue). The aPPO enzyme (E; red) is embedded in thylakoid
membranes within the avocado plastids (green). Enzyme can meet substrate
only upon physical disruption of the many membrane layers that lie between.
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Prerequisite Teacher Knowledge

Whether the course is being taught at the introductory or
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advanced level, the instructor should be well versed in the
characteristics of enzyme-driven reactions and enzyme
inhibition. Minimally, a biochemistry instructor should
become familiar with the role of polyphenol oxidases (PPOs)
in enzymatic browning. Ideally, the instructor should know
how to search the Protein Data Bank (PDB) to find protein
crystal structures. A biochemistry textbook should provide
a starting point for general background. In addition to the
introduction to this article, the review by Toledo and coauthors
(19) provides a thorough discussion of enzymatic browning in
avocados. The PDB has an educational website with extensive
free resources (38).

permission, we allow students to bring in their own test
reagents from the kitchen. A full list of materials and suggested
sources that we have tested is provided (Supporting File S1:
The Avocado Lab-Reagents Used). It takes us roughly 15
minutes to set up the materials in advance of the lab.
Prior to lab, the avocados (roughly one per student) must be
ripened properly to produce soft but previously undamaged
pulp critical for analysis. Hass avocados ripen in response to
hormonal ethylene signaling after harvest (39). We recommend
purchasing unripened (firm, bright green) Hass avocados
approximately one week before the exercise so the ripening
can be controlled (see Table 1 for detailed instructions).

SCIENTIFIC TEACHING THEMES

Student preparation

Active Learning

Outside of class, students are expected to prepare by
reading the lab exercise handout. Advanced students must
independently investigate published literature to develop their
own testable hypotheses in advance of the inquiry-driven lab.
Five-minute oral presentations by student pairs help strengthen
communication skills. Each student physically performs all
parts of this exercise, drawing their own conclusions from
experimental evidence. A think-pair-share discussion closes
the exercise in a manner that engages the entire class (see
Table 1 for details).

We post the laboratory handout (Supporting File S2: The
Avocado Lab-300-Level Student Handout) at least a week
ahead of the exercise. Students are required to read the
handout in its entirety in advance of the class. It contains
background on aPPO and, most importantly, instructions on
how the students should develop their own experimental
question, hypotheses, and experimental design starting from
information available in published literature. It is critical that
students at least preliminarily design their experiments before
coming to lab, or they will run out of time to complete the
experiment.

Assessment

Laboratory Exercise

A detailed lesson plan timeline breaks the three-hour exercise
into four components (Table 1). The pre-experiment discussion
should give each student the opportunity to publicly state their
variable of interest, discuss proper controls, and time to amend
any mistakes in their design. In particular, all students should
consider whether they plan to have their samples exposed
to air and/or light. It is also helpful to holistically look at the
experiments to confirm that all experiments are unique and
complementary.

The final assessment linked to this lab exercise is an
individual partial lab report: a figure with legend and a
results & discussion section, written in the format of the ACS
journal Biochemistry (a style guide is available online: https://
pubs.acs.org/journal/bichaw). Lab exercises in our 300-level
biochemistry course systematically introduce students to
writing in the discipline by scaffolding partial lab reports,
leading up to a final full-length report. Prior to this lab,
students have received feedback on two figures and legends.
The avocado lab is the first opportunity in our biochemistry
course for students to write a results & discussion section. Oral
presentations during lab give students a chance to demonstrate
and teach core knowledge relevant to the exercise.

It takes roughly half an hour to set up the experiment, which
simply consists of preparing avocado mash and smearing it on
cardboard coasters. Before students begin, we demonstrate the
process of properly labeling the cardboard coasters, mashing
the avocado to homogeneity, and spreading even circles on the
coaster. We ask students to label cardboard coasters as shown
(Figure 4). Pre-labeling the samples is another opportunity for
students to catch errors in design, including missing controls.

Inclusive Teaching

Each student tests a different hypothesis, and the entire class
must share data at the end to complete a picture, making each
student’s contribution equally important. For the five minute,
in-class oral presentation, students work in pairs to alleviate
presentation anxiety. The time allotted for in-class preparation
gives equivalent time and resources to all students. Because
this lab does not require any special equipment or technical
skills, students with physical disabilities are inherently
accommodated.

LESSON PLAN
Pre-Laboratory Preparation
Materials purchasing and setup
The avocado experiment requires no specialized laboratory
equipment or facilities, and it can be adapted to test a wide
range of potential enzyme inhibitors and chemicals present in
standard undergraduate chemical stockrooms. With advance
CourseSource | www.coursesource.org

Figure 4. Schematic of experimental setup. Four experimental replicates,
approx. 1” each, can fit on a 4” x 4” cardboard coaster or small paper
plate. Labeling the cardboard clearly and consistently before applying
avocado is critical to the eventual generation of an interpretable figure.
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The most critical step in experimental setup is the correct
preparation of the avocado mash. Freshly cut, unsalted Hass
avocado stored uncovered at room temperature takes roughly
4-6 hours to turn brown, which is not an ideal timeline for
teaching lab exercises. The addition of a limited amount of salt
to create what we call the “base” avocado pulp speeds up the
reaction, likely by increasing enzyme-substrate interactions.
This adjusts the exercise to fit into a timeline that better suits
a standard three-hour lab period. For a three or four-hour lab
exercise, we add 1/2 teaspoon (roughly 2.5 g on a kitchen
scale or lab balance) of table salt per avocado at “time =
0.” Each student can mash their avocado using a bowl and
spoon, though we have also mashed all the avocados for a
lab en masse to save time. Students who are only varying
environmental conditions (temperature, light, air exposure)
can begin smearing avocado onto the cardboard. Roughly
four-gram aliquots of avocado should be smeared in one-inch
circles on a pre-labeled cardboard coaster in four experimental
replicates (a total of ~16 g per experimental condition; Figure
4). Students who are varying chemical conditions (chelators,
detergents, salts, pH, reducing reagents) must thoroughly mix
in their chosen chemicals before smearing the avocado. If a
student is testing for the effect of sodium chloride on avocado
browning, remind that student to take a “no salt” sample (if
needed) before salt is added to the base. Addition of extra salt
(we have tested NaCl, MgCl2, or KCl) to the base will speed
it up further. Remind students to take a “time = 0” photo of
all of their avocado coasters prior to placing them wherever
they will incubate. Start a timer and suggest that students
photograph their samples at 30 min, 1 h, and 2 h after starting
the experiment.

Before the end of the lab period, all students take a photo at
a final timepoint (usually about 2 h of incubation). The students
take five minutes to look over their photos to draw conclusions
and record them in their notebook. We summarize class-wide
results on the whiteboard and discuss any confusing results
before the students depart.

Expected Results and Potential Pitfalls

We have taught this exercise with varying levels of control
over the students’ experimental approach. We recommend
taking a guided inquiry approach (8), where the instructor
restricts the reagents used to a subset of the possibilities, pH
for example (Supporting File S1: The Avocado Lab- Reagents
Used), if the class is large (over 12 students) and/or the
students have had little previous experience with independent
experimental design. Conversely, if students have engaged
in course-based or independent research experiences, a
more open inquiry approach broadens their possibilities for
complexity in experimental design. In either case, 300-level
students should be able to independently develop testable
hypotheses.
Every student will see a change in the quantity of visible
brown pigment that develops over time. As mentioned before,
untreated avocado pulp turns dark brown after 4-6 hours of
exposure to air at room temperature (Figure 5, column 1), so it
will be clear if a student skips this step. If students add half a
teaspoon of table salt to their avocado to create the “avocado
base” mixture, browning will be visible within 30 minutes
and complete after roughly two hours of air exposure at room
temperature (Figure 5, column 2). Some reagents, such as
additional sodium chloride, will dramatically speed up the
browning process. Other reagents, such as lemon juice, inhibit
browning (Figure 5, columns 3-4). When aqueous reagents are
added to the avocado pulp, it will seep into the cardboard over
time, but it does not appear to affect the browning process.

We recommend using one of four different activities to
engage the students during the incubation time. While the
reaction is proceeding, we ask students to form pairs or
groups of three to create a five-minute mini-presentation using
four or five PowerPoint slides. We assign a different topic to
each student group from the provided list, which focuses on
topics tangentially relevant to discussion of their experimental
results (Supporting File S3: The Avocado Lab-Talk Topics).
There are several easy-to-read articles that can get students
pointed in the right direction in their brief time for research
(15,17,19,27,28,40). Alternatively, teams of students can
get a sense of the diversity of PPO structures by exploring
different crystal structures of a plant or fungal PPO using the
Protein Data Bank (PDB; Table 2). Students can construct and
present an image of the protein structure directly from the
PDB, a publication, or using PyMol, if this is taught previously
in the course (Figure 2). The presentations themselves are
limited to approximately five minutes per team, depending
on how much time is available. Presentations may be left
un-graded or can be scored according to the provided rubric
(Supporting File S4: The Avocado Lab-Presentation Rubric).
In lower-level courses, we use the incubation time to lead a
discussion relevant to the exercise (details are below). Finally,
either during the incubation time or after the lab, we lead an
optional guacamole-making competition in a food-safe room.
Students bring in secret ingredients and are offered a variety of
standard guacamole ingredients. We bring in outside students
and faculty to conduct blind taste testing before the class
enjoys a snack. Regardless of how incubation time is used, we
remind the students to set timers and regularly check in on/
photograph their experimental results.
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Figure 5. Student-generated experimental results of the avocado browning
experiment. All samples were incubated at room temperature. Photos were
taken on a student cell phone at the noted time increments (left). Untreated
avocado pulp turns dark brown after about four hours (column 1). Columns
2-4 include 2.5 g NaCl per avocado (avocado base) to expedite the reaction.
The base avocado, when treated with extra NaCl, becomes dark brown within
two hours (column 3). Lemon juice inhibits browning by lowering the pH to
2 (column 4). For each condition, a single replicate is depicted for clarity.
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TEACHING DISCUSSION

There are two overall comparisons to make for each
experiment: time and treatment. Students should semiquantitatively score each photo on a scale of 1-5, with 1
being totally bright green and 5 being totally dark brown. All
samples should be bright green (score = 1) at t = 0 hours,
and all students should have at least one condition that turns
brown within two hours. First, within a given treatment group,
a comparison between the color at t = 0 hours and t = 2 hours.
Secondly, different treatment conditions should be compared
at some time point after incubation. For example, at t = 1h,
untreated avocado pulp is bright green (score = 1), avocado
base is a medium brown (score = 3), the base with additional
sodium chloride is darker brown (score = 4), and the base with
lemon juice is bright green (score = 1) (Figure 5). To facilitate
scoring, a color key is provided in the handout (Supporting
File S2: The Avocado Lab 300-Level Student Handout).

While we initially created this lab to introduce biochemistry
students to experimental design, we have discovered a
variety of additional benefits. Because the body of literature
on fruit PPO is relatively small and easily understood by
undergraduates, students have an opportunity to gain
confidence in independently navigating primary literature as
they prepare for lab and write up their results. The PDB has
many available structures for PPO, so students can learn about
the mechanism of this class of enzymes and protein homology
while exploring this database for the first time. Brief, lowstakes presentations with peers help break the ice for longer
independent presentations required later in the semester.
Students mention this lab exercise as a favorite every semester
we have used it as an introduction to experimental design in
300-level biochemistry. They have noted relief at its simplicity
and find it to be a morale-booster in an otherwise technically
demanding course. The technical ease of the experimental
setup, which may not even require the use of pipettes, enables
the students to focus on an increased quality and complexity
of experimental design.

Poor mashing or mixing will be evident in heterogeneous
results within the replicates for a single condition. Students
often mistakenly assume that findings regarding purified PPO
will translate to results observed from their in-situ experiment.
While pH, temperature, light, reducing reagents, oxygen
availability, and chelators influence in situ and purified
aPPO activity similarly and predictably, salts and detergents
differentially affect in situ and purified aPPO. All tested
salts (iodized and kosher table salt, NaCl, MgCl2, or KCl)
dramatically increase the rate of in situ browning. Laboratory
detergents (e.g. Triton X-100, SDS, sodium deoxycholate)
accelerate browning. Some commercial detergents accelerate
browning, and others inhibit it, likely owing to the variations
in their compositions (which include varied amounts of water,
detergents, salts, and chelators).

This single-week exercise can serve the first in a line of
avocado-themed labs. We are piloting an inquiry-driven
exercise where students will partially extract aPPO to
compare kinetic parameters to a commercial source, similar
to an experiment proposed by Murthy and colleagues (41).
Other unique extensions could explore lipid content or soap
production from avocado (42,43).

Modifications for Non-Science Major Students
100-level class context

Conclusions

Prior to this exercise, our students understand the pH
scale, the definition of ionic compounds (salts), water, and
the basic theory of how enzymes work to catalyze reactions.
Students have conducted several basic experiments with
enzymes, including mozzarella making (rennet) and digestion
(salivary amylase). This is the students’ first introduction to
self-directed experimental design. This exercise could also be
used to introduce students to the basics of enzyme function
with the addition of a brief pre-lab lecture defining enzymes
as biological catalysts, substrates, products, active sites, and
inhibitors.

As with any lab exercise, one should expect variation in the
quality of the students’ final reports (assessed by Supporting File
S5: The Avocado Lab-Grading Score Card). At the 300 level,
all students are able to generate a figure from the avocado
images, but the quality and layout of the pictures varies, as
does the labeling of the samples. Most students realize that
the hand-labeled cardboard is for in-lab use, and a well
written report requires detail in the figure legend. The images
should clearly show differences in color, and many reports
will include a key. In our experience, the “Results” section
is organized and complete, while the “Discussion” section is
most lacking. Students take the conversation in many different
directions and to varying depths, largely depending on what
types of primary literature they select for reference and how
much effort they invest into the final report. Suggested future
experiments range from things that are predictable or already
published to truly novel and relevant to the food industry.

100-level pre-laboratory preparation

We provide students with a lab handout (Supporting File S6:
The Avocado Lab-100-Level Student Handout) that provides
background information, experimental questions, and lists
relevant variables for the basic procedure. The handout also
includes a results and discussion worksheet, which is turned in
in lieu of a report. Students are expected to have read over the
entire document and come prepared with questions.

Students should depart the classroom having clear
experimental data to support or refute the hypotheses they
came with. We allow students approximately two days to write
up their results and figure. A good discussion section must
reflect an understanding of in situ enzyme function, including
substrate availability and ideal enzyme conditions, and they
must fit their results into the context of published literature. To
create a multi-day exercise, this lesson can be followed with
an experiment to explore purified aPPO (32).
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Modifications to the 300-level laboratory experiment

We begin class by assigning one test condition to each
student and designing our experiments together in class,
which takes roughly 30 minutes. For non-science majors, we
do not provide reducing reagents or chelators. In lieu of salt
or detergent solutions, we employ salts and soaps purchased
at a local grocery store. Instead of in-class presentations, we
use an instructor-led discussion about avocado composition
and classification, PPO, enzyme structures, the relationship
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between pH and temperature and enzyme activity, and
enzyme inactivation. Before taking our final images, we
predict outcomes for each variable tested as a group on the
white board.
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Table 1. The Avocado Lab - 300-Level Biochemistry Lesson Plan Timeline
Activity

Description

Time

Notes

~1
hour

•

Distribute the lab exercise handout at least a week in advance to
allow sufficient time to complete the pre-lab preparation.

•

Encourage students to work together as they design their
experimental plans, but remind them that each experiment is to be
unique.

~One week ahead advance preparation
Student
Preparation

Ripen
avocadoes

Solution
making
(optional)

The handout asks students to
complete the following tasks:
1.

Read the handout.

2.

Briefly research peer-reviewed
literature about aPPO.

3.

Develop a testable experimental
question.

•

Several papers are cited within the handout, but the body of literature
on aPPO dates back to 1937 is extensive.

4.

Outline the experiment in a
notebook.

•

We encourage students to discuss their intended design concerns
during office hours in advance of lab, which reduces mistakes.

5.

Predict results.

1.

Purchase one avocado per
student.

•

2.

Bright green, hard avocados
should be ripened in paper bags.

Use color and firmness together to assess ripeness. Avocados are
ready when the avocado is dark brown/green and yields to firm,
gentle pressure.

•

3.

Ripe avocados can be
refrigerated 2-3 days before use.

Under-ripe avocados will not uniformly mash, and the pit will be
difficult to remove.

•

Overripe avocados feel mushy to the touch and will likely have
internal darkening that will confound the experiment.

•

Ripening can be expedited by placing avocados in tightly closed
brown bags with an apple or banana for two to three days.

•

Once ripe, avocados can be stored in the refrigerator for one or two
days before losing integrity.

•

Hass (sometimes misspelled as “Haas”) avocados, grown in Mexico
and California, are available year-round in most U.S. supermarkets.

•

We have also tested Florida avocado, which has less active PPO
and a watery flesh. Double the salt in the base recipe if you use this
variety.

•

We have tested sodium deoxycholate, SDS, Triton X-100, and
Tween-20 in sterile distilled water.

0-7
days

1.

Prepare 50 ml aliquots of water
and 10% (w/v or v/v) detergents.

~30
minutes

2.

Prepare 50 ml aliquots of 2M
salts in sterile water.

•

Liquid detergents are highly viscous; use time and care when
pipetting.

3.

Prepare 500 mM DTT (freeze at
-20˚C).

•

Commercial laundry detergents, dish soap, and hand soaps are
mixtures of chelators, detergents, salts, and other components. They
can also be tested but should not be diluted.

•

We have tested 2M NaCl, KCl, and MgCl2 in sterile distilled water.
Other salts may be used.

•

Salts may also be incorporated as solids (20% w/w) to save time.

•

Solutions are shelf stable for years if sterilized by sterile filtration or
autoclaving.

•

Students may use paper bowls, plastic bowls, or glass beakers for
mashing avocado.

•

Avocado pulp is fatty and makes a mess in sinks (it is best thrown in
the trash).

•

We have used both paper plates and cardboard coasters as surfaces
for the experiment; they are equivalent, but the coasters look nicer
in figures. Standard paper will not support the weight and liquid that
leeches out of the pulp.

Day of Lab Setup
Reagent
setup

1.

Finely dice one onion.

2.

Set out avocados (slice open),
solutions, and solids.

3.

Distribute plastic spoons,
beakers, plastic bags/wrap, and
cardboard coasters for each
student.
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Activity

Description

Time

Notes

~15
minutes

•

Often students inadvertently plan to alter more than one variable
simultaneously. For example, they may want to compare room
temperature vs. freezer incubation but forget that a freezer is dark.

Laboratory Session
PreExperiment
Discussion

Experiment

MiniPresentations

1.

Ask students to list their variable
of interest and list them on the
white board.

2.

Walk through experimental
design, focusing on the role of
controls.

•

Listing the variables on the board allows students to find others
with whom they share commonalities in design, which facilitates
downstream conversations.

3.

Allow five minutes for students
to amend their experimental
design.

•

In a larger group, think-pair-share can be used in place of a classwide conversation.

1.

Mash avocado pulp and mix in
salt for “base.”

•

Completed individually

•

2.

Add desired reagents.

Remind students to set timers on their phones for future picture
taking

3.

Smear avocados on cardboard.

•

4.

Take t=0 photo.

5.

Take additional photos t= 30
min, 1 h, and 2 h.

The data will look neater if students weigh the avocado, though the
experiment can still be executed by estimation as long as the circles
are relatively flat and uniform-looking.

•

To enhance the quality of the photographs, take photos with any
plastic removed (if used to reduce oxygen access) from the avocados,
and immediately replace for further incubation.

•

Use commercial guacamole samples as controls to demonstrate
spreading technique. These will typically not change color in the
course of 4 h with no treatments due to inhibitors present.

•

Completed in pairs or groups of three

•

Remind students to continue taking pictures as needed

•

We typically allow 45 minutes to prepare presentations.

•

Encourage students to share the workload and presentation time
equally

•

Discuss the importance of using reputable (peer-reviewed) resources.
It will be tempting for the students to use commercial websites,
which often have misleading information.

•

We typically do not score the presentations directly, but students
invariably put in effort and produce good talks for their peers. The
presentations help students focus on information relevant to the
Results & Discussion write-up post-lab.

1.
2.

3.

PostExperiment
Discussion

Assign pairs of students to a
topic

30
minutes

2 hours

Allow students to research the
topics and assemble ~4-5 slide
PowerPoint presentations.
Students present their findings to
the group.

Provide an opportunity for students to
discuss findings

~15
minutes

This is a good time to encourage questions about unexpected results,
mechanistic explanations, the format of the report, or the appropriate
display of data.

Post-Lab (students)
Figure

Design a figure and accompanying
legend

1 hour

Completed individually

Results &
Discussion

Write a Results & Discussion
referencing the figure

1 hour

Completed individually
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Table 2. Plant PPO crystal structures in the Protein Data Bank (PDB)
Genus species

Common Name

PDB ID

(First Author, Year)

Agaricus bisporus

mushroom

2Y9W, 2Y9X, 5M6B

(Ismaya, 2011; Pretzler, 2017)

Coreopsis grandiflora

large-flowered tickseed

4Z11

(Molitor, 2017)

Ipomoea batatas

sweet potato

1BT1-3, 1BUG

(Klabunde, 1998)

Vitis vinifera

white grape

2P3X

(Virador, 2010)

Malus domestica

apple

6ELS

(Kampatsikas, 2019)

Juglans regia

walnut

5CE9

(Bijelic, 2015)
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