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ABSTRACT: Polyacrylamide gel electrophoresis (PAGE) is com-
monly taught in undergraduate laboratory classes as a traditional
method to analyze proteins. An experiment has been developed to
teach these basic protein gel skills in the context of gluten protein
isolation from various types of wheat flour. A further goal is to relate
this technique to current mass spectrometry-based proteomic analysis
techniques. Gluten proteins serve as particularly good experimental
systems for the undergraduate classroom given the low cost of their
sources and the current widespread public interest in gluten-free diets and Celiac-Sprue disease. The experiment set also can
serve as preliminary data for student-written original research proposals and be the basis for a discussion of how scientific topics
are presented in public forums. This experiment can also be readily adapted to a range of audiences and facilities.
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■ BACKGROUND

Undergraduate lab experiments commonly use the same
experimental conditions year after year with little change in
conditions or results. Inquiry-based learning methods are slowly
becoming available to replace these older style exercises.1

Although instructors in charge of general and organic chemistry
laboratory classes now have a broad range of options,2 examples
of such exercises applicable to learning common biochemical
techniques easily modified for a range of classrooms that
showcase active research areas are rare.3

Given the lack of data in the scientific literature and the
increasing public discussion of Celiac-Sprue and gluten
intolerance, wheat is a good platform for developing
discovery-based or inquiry-based experiments for under-
graduates.4 Whereas Celiac-Sprue is a recognized medical
problem in which patients cannot properly digest gluten and
their intestines gradually lose the ability to absorb other
nutrients, gluten intolerance is less clearly defined as an illness.5

Hybrid wheat is the largest source of dietary gluten in the
United States and therefore under increasing scrutiny.4

Different cultivars of wheat (such as the older einkorn, spelt,
and Khorasan wheats) could have differing proportions of
gliadin and glutenin, the major components of gluten and those
that give the products made from flour their texture.6 Generally,
the higher the levels of gluten in wheat flour, the airier and
lighter the bread.7

Despite the prevalence of wheat in the U.S. diet, the
biochemistry, genome sequences and protein makeup of wheat
strains are still relatively unexplored, and therefore the
differences between modern hybrid wheat and older wheat
strains are not yet known quantitatively.8 Changing the type
and source of gluten in bread has been shown to alleviate

symptoms in some patients, though the mechanisms and broad
applicability of these observations remain unclear.9 Greater
knowledge of the specific components of modern versus older
wheat strains could allow the directed evolution of strains that
do not cause adverse reactions or the selection of flour types to
allow Celiac-Sprue patients to eat wheat products again.10

A set of experiments including SDS-PAGE has been
developed that extracts gluten proteins from wheat flour to
illustrate current protein purification techniques and molecular
weight characterization methods (Figure 1). Students are
encouraged to propose hypotheses along the following lines:
comparative levels of glutenin and gliadin as well as the method
and success of various isolation conditions.
This experiment was originally developed for the protein

biochemistry portion of a one-year honors-level introductory
biology class that includes students from the Intensive
Freshman-Learning Experience (IFLE) program at Indiana
University Bloomington.11 The course is designed as an
inquiry-driven class with a very low student to faculty ratio
(about five students per faculty member with an average class of
11 students). After two successive years in this class (22
students total), the experiment was slightly modified for the
first-semester general biochemistry laboratory class with 48
students total divided into four sections. For more information
on how the procedure was modified between the types of
classes, please see the Supporting Information.

■ EXPERIMENTAL OVERVIEW
Modern protein analyses often include a PAGE gel; this
concept can be taught in the context of the student flour
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protein samples and, if budget allows, results can be verified
using on- or off-campus mass spectrometry (MS) facilities.
State-of-the-art mass spectrometry is capable of getting far
more accurate molecular weights than is possible using PAGE.
This technique also relies on modern databases of proteins and
genome information.12

Here, students from either an upper level biochemistry class
or an honors freshman class were asked to isolate gluten
proteins from flour using a controlled set of varied conditions.
Both classes then ran SDS-PAGE gels on their protein samples
primarily to learn about the basics of this protein purification
method, the entire process being contained within one
laboratory session. The honors class was given the opportunity
to use in-house mass spectrometry facilities to look at the
differences in gluten proteins the following class. To illustrate
the requirements of the experiments, an approximate timetable
for the entirety of the lab is included in Table 1.
This laboratory experiment is distinct from a normal

biochemistry laboratory due to the ability to change the
parameters of the experiments. This experiment best fits into
two class periods of under 3 h apiece, but can be modified to fit
into a single section of around 4 h. If necessary, the work can be
paused and the samples refrigerated either after the gluten
isolation or after the sample preparation depending on the lab
time available to the implementing institution (Table 1).
Furthermore, the students are given some license to choose the
exact experiment that they run with respect to the gluten
isolation conditions, the instructors have the opportunity to
present the information to the students in either a formal or
informal manner through explanation, and the evaluation
methods at the end of the experiment can range from
discussions, to quizzes and formal write-ups (examples of

discussion and quiz questions, as well as a proposed outline for
an NIH-formatted proposal can be found in the Supporting
Information).

■ HAZARDS
Excess flour from the experiment and any remaining gluten
isolated within a laboratory setting should be labeled as “not for
human consumption” and properly stored or disposed of. The
dough formation and gluten isolation should be done with
gloves to avoid protein contamination.
The instructors should prepare the iodine dye and loading

buffer in a fume hood, and, depending on the class dynamic,

Figure 1. Examples of developing gluten samples: (a) 1:1 (w/w) mixtures of Khorasan wheat (Triticum turgidum ssp.) Khorasan, (b) store-brand
whole wheat, and (c) store-brand unbleached white flour. (d) An honors biology student gel run on gluten proteins with a molecular weight ladder,
at left, as reference. This gel depicts two types of flour, white with salt (left and right), Khorasan flour with no salt (middle), with varying amounts of
protein. The protein bands for these lanes show approximately identical proteins.

Table 1. Approximate Lab Completion Times for
Experienced and Inexperienced Students, Including Out-of-
Class Assignments

Approximate Class Time, min

Location Activity
Upper-Level
Undergraduate

Lower-Level
Undergraduate

Out of
Class

Pre-lab Reading 60 120

Out of
Class

Pre-lab Activity - 60

In Class Pre-lab
Explanation

15 30

In Class Gluten Isolation 60 60
In Class Sample

Preparation
40 90

In Class Gel Loading 5 15
In Class Run Gel 45 45
Out of
Class

Post-Lab
Activity

90 300
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loading the gels should also be done by the teaching staff. The
chemicals (loading dye, buffer systems and stain) for the gel
experiment can be used outside of a hood, though the beta-
mercaptoethanol should be portioned out in a hood.

■ RESULTS AND DISCUSSION

Student Performance

Nearly every student isolated substantial protein amounts; the
approximate proportion of protein:starch in flour was around
9:1, and most students were able to isolate greater than a gram
of protein from 10 g of flour. The exceptions were those who
chose saltwater concentrations above 1 M for the dough
formation; even these students were able to isolate sufficient
protein for use in the gel.
Accounting for the approximate water content in their

protein (due to time constraints, the students were not given
access to a freeze-dryer to obtain dehydrated protein), the
students used a small amount (from 10 to 50 mg) of their
isolated gluten protein to make their concentrated gel samples;
aliquots from these concentrated solutions were used to create
samples with a concentration around 1 mg/mL). Upon
dissolution of the isolated protein in the buffer medium,
post-run staining showed protein in nearly every lane proving
the students’ calculations were accurate. No variety of gluten
seemed particularly soluble, though the longer time period the
students used to dissolve the protein, the more protein
appeared on the gel.
Three methods were used to assess students’ increased

knowledge including two different types of writing assignments
and an in-class discussion. After a discussion on gluten, the
honors biology students were given quizzes in short answer
format to judge the extent of their mastery of the concepts. All
of the students gave sufficient answers to show they understood
the broader concepts of dilutions, protein isolation, PAGE
experiments (sample quiz question examples are given in the
Supporting Information). These students were also required to
come up with an independent research idea and hypothesis, go
into the primary literature for background (here presuming
prior database instruction from the on-campus science library
staff) and then write a short National Institutes of Health-style
proposal. These students were given four additional 3 h lab
periods to complete their projects as approved by the course
instructors. Though the implementation of the proposals is
only possible for a class with sufficient financial and personnel
resources, the proposal can serve as a good way to motivate
active engagement, allow students practice in scientific
persuasive writing, and give students a window into another
aspect of the work life of effective scientists.
In this case, the honors biology students all seemed very

motivated by the subject matter to propose and perform quality
experiments. They asked important questions on their chosen
topics, delved into the literature and came up with appropriate
methods to test their hypotheses.
The upper-level biochemistry class contained 48 students.

They were given a structured, question-based written assign-
ment to determine their understanding of the material. Since
the students had been able to work together during the
laboratory portion, individual responses with respect to accrued
knowledge between the students varied greatly. Although
approximately a quarter of the students did not or could not
interpret their results correctly with respect to gluten proteins
between flours, nearly all (90−95%) of the students understood

the basics of running and interpreting PAGE experiments at the
completion of the lab. The overall impact of the lab in teaching
PAGE was highly successful.
The gel bands showed very little difference between the size

and amounts of proteins of the flours tested, which proved
many of the students’ hypotheses to be false. The classes were
asked to explain these results and the advantages of access to a
more modern and accurate method of mass determination.

Lessons for Adoption Elsewhere

This lab was designed with intentional flexibility for adoption in
a variety of settings. This lab can most easily take the place of
the standard “cook-book-style” PAGE experiments found in
introductory biochemistry laboratory classes with or without
inclusion of the student lab handout or expectation of an
original research proposal. However, the experiment could also
be easily adapted for other audiences (K−12 or outreach
classes) or courses with minimal resources. The differences
between the components of flour (starch, protein, etc.) can be
highlighted and used to show a wide range of audiences that a
staple food such as wheat flour is not necessarily just a simple
powder, nor is their isolated “gluten” protein made up of
mostly gluten. In these cases, it is possible that the analytical
portion of the lab can be foregone for the hands-on portion
(gluten isolation) of this lab, and results from an example
protein gel or prior proteomics mass spectrometry experiment
can be discussed to increase the audience’s understanding of
the material. Aside from the target audience, many of the other
modules within the lab can be modified with respect to
available resources, materials and time to accommodate
anywhere from 1 to 4 h lab periods (Table 1).

■ CONCLUSIONS

An SDS-PAGE experiment based on the proteins in wheat flour
was designed to help a range of students learn the basics of
protein structure and electrophoresis, as well as proteomic mass
spectrometry in the context of important “real world” research.
This experiment can be easily substituted for a current one-
week SDS-PAGE experiment in an introductory biochemistry
laboratory class or adapted for a range of situations with
different student enrollments, funding and equipment avail-
ability. Furthermore, the experiment is readily amenable as a
starting point for other activities such as a discussion of the
public discourse of science or developing scientific proposal
writing skills.
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