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Abstract: Proteins, essential macromolecules, play diverse and critical roles
in organisms, encompassing structural support, catalyzing chemical
reactions, providing defense mechanisms, and acting as hormones. The
synthesis of proteins is a complex process that ultimately determines their
specific functions, which are intimately linked to their three-dimensional
(3D) structure. To facilitate students’ understanding of this topic, we
desighed a set of educational activities for an undergraduate Biological
Sciences course. During these activities, the students simulated the steps of
human glucagon synthesis and assembled a three-dimensional model of this
protein. The activities involved three classes of two hours each. Fifteen
students simulated the steps of human glucagon synthesis, from the gene
transcription to the 3D structure assemblage, in an active way. Immediately
after the end of the third class and one year after the classes, we asked the
students to answer an opinion survey. The activities pedagogical outcomes
provided the basis for a research analysis. Our findings indicate the
effectiveness of practical, hands-on activities in enhancing students'
understanding of protein synthesis. While the approach fostered motivation
and interest, the observed deficiency in chemistry-related skills indicates an
opportunity for targeted intervention in future classes.

Keywords: Glucagon; 3D model; biology course; practical activities;
proteins synthesis.

Introduction

Among the macromolecules, proteins are the main component of cells.
Besides the structural function, proteins are responsible for most of the
body’s chemical reactions (Nelson and Cox, 2008). The amino acid
sequence of a given protein is determined by the genetic code, with
sequence similarity among species generally being proportional to their
evolutionary distance (Nei and Kumar, 2000).

The linear sequence of amino acids is the primary structure of one
protein. Amino acids have a general structure composed of an a-carbon
bound with a carboxylic group (-COOH), an amino group (-NH2), a
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hydrogen atom, and a variable side chain, known as the R group. The
general structure without the R group is called the protein backbone. The
interaction by hydrogen bonds and other molecular forces among the
protein backbone determines the secondary structure, for instance, a-helix
or B-sheet. The next level of protein organization is due to the hydrogen
bonds and other molecular forces among amino acid radicals and
determines a tertiary structure. If more than one polypeptide is used in the
final protein structure, it is known as the quaternary structure (Alberts,
2017; Wilson et al. 2018). Protein function is directly related to its final
conformation.

Two proteins, insulin and glucagon, play a central role in glucose
homeostasis (Jiang and Zhang, 2003). Insulin, secreted by pancreatic beta-
cells, responds predominantly to elevated glucose concentrations and acts
to reduce circulating glucose levels. It does so by inhibiting glycogenolysis
and gluconeogenesis while promoting glycogen synthesis in the liver
(Nelson and Cox, 2008; Jiang and Zhang, 2003). In contrast, glucagon
exerts hyperglycemic actions by stimulating glycogenolysis and
gluconeogenesis in the liver while inhibiting glycolysis and glycogenesis
(Jiang and Zhang, 2003). Proglucagon is expressed in various tissues (e.g.,
brain, pancreas, and intestine) and suffers pos-translational processing by
enzymes termed prohormone convertases (PCs) into multiple peptide
hormones (proglucagon-derived peptides - PGDP’s) in a tissue-specific
manner. Pancreatic alpha-cells mainly possess PC2, which cleaves dibasic
Lys-Arg sites within proglucagon to generate glicentin-related pancreatic
peptide (GRPP), glucagon, intervening peptide-1 (IP-1), and major
proglucagon fragment (MPGF) (Lafferty et al. 2021). The proglucagon has
158 amino acid residues, and the polypeptide hormone glucagon has 29
amino acids and is produced by PC2-mediated cleavage of proglucagon in
pancreatic alpha cells (Figure 1). Glucagon action is well-known even to
people outside the academy which makes it a good candidate to be used in
the teaching of protein synthesis, structure, and function.

Protein synthesis, structure, and function are primarily taught in
undergraduate Biochemistry and Molecular Biology courses. This topic is
considered difficult and abstract by students, resulting in diminished interest
in the classes (Fisher 1985). Mechanisms such as protein synthesis, which
defy representation through two-dimensional figures and remain
imperceptible to the naked eye or traditional microscopes, are frequently
subject to misunderstanding in the classroom setting. Traditional teaching
methods, characterized by direct narration and the presentation of images
and text, often fall short in facilitating sufficient conceptual learning in these
cases (Concannon and Buzzetta, 2010). Alternatively, educational
approaches incorporating three-dimensional objects, such as animations
and models, along with activities involving active student participation,
prove to be more effective. Nevertheless, understanding 3D interactive
figures in a computer can pose a challenge for students lacking foundational
knowledge, particularly those with limited spatial ability (Wu and Shan,
2004; Herman et al. 2006).
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Figure 1 - A schematic overview of tissue-specific proglucagon processing. In the
gut and the brain, proglucagon is processed by convertase 1/3 (PC1/3) to generate
glicentin, oxyntomodulin, glucagon-like peptides-1 and -2 (GLP-1, GLP-2), and
intervening peptide-2 (IP-2). In pancreatic alpha-cells, convertase 2 (PC2) is
responsible for the generation of the major proglucagon fragment (MPGF),
glucagon, glicentin-related pancreatic polypeptide (GRPP), and intervening peptide-
1 (IP-1). The numbers in the proglucagon mRNA indicate the amino acid positions.
Source: the authors.

The construction of three-dimensional (3D) models demonstrated
effectiveness in improving the teaching of protein structures to high school
students (Schmitz et al. 2022) and undergraduate students (Oliveira et al.
2017; White et al. 2002; Azer and Azer, 2016). In this work, we propose
the construction of a 3D model of glucagon for a Biological Sciences
undergraduate course at a Brazilian public university. We choose glucagon
because it is well-known, is translated as proglucagon, is processed
differently depending on the tissue, and is a small protein (29 amino acids).
The students were introduced to protein synthesis and processing, amino
acid characteristics, and protein function related to its 3D conformation. By
employing this practical approach, we aimed to enhance students'
comprehension and appreciation of these intricate topics in the field of
protein biology.

Materials and methods

This study is derived from an educational activity applied to Biological
Sciences undergraduate students enrolled in the Practical Biochemistry
course at a Brazilian public university. The study was conducted with 15
students that were already enrolled in theoretical Biochemistry classes and
had concluded the Cell Biology theoretical topic. The activities were divided
into three classes of two hours each. During the classes, the students were
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consistently engaged in discussions and challenges related to protein
structure, properties, and function.

In the first class, the topic of protein synthesis was briefly reviewed. The
Professors explained the steps of protein synthesis according to the central
dogma of molecular biology (Alberts, 2017). The students received printed
materials containing the structural formulas of the 20 amino acids, the
genetic code, and the human pancreatic proglucagon mRNA
(NM_002054.5:100; O'Leary et al. 2016) (Figure 2). They were tasked with
translating the proglucagon mRNA, and subsequently, the instructors
discussed with the students the post-translational modifications that convert
proglucagon (158 amino acids) into glucagon (29 amino acids) and its
folding into a short alpha helix (Figure 3).
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Figure 2 - Material distributed to students. (A) amino acids structural formula;
(B) proglucagon mRNA. The glucagon mRNA is highlighted in blue; (C) Genetic
code. Source: the authors.
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Figure 3 - Material distributed to students. Proglucagon translational
modifications and glucagon tertiary structure. Source: the authors.

In the second class, the 3D model of the active form of glucagon started
to be built. The students were divided into pairs to build the 3D structure of
amino acids using beads of different colors (chosen by each group) to
represent the atoms of each element. They also used pliers, wire (1-4 mm)
or nylon cords, and hot-melt adhesive to connect the beads (atoms). Each
group was responsible for determining the number of beads and amino
acids necessary for the activity. Considering the bond distances in the
amino acids, the students freely chose the scale to use for the protein
model.

Finally, in the third class, the students constructed the protein backbone
using the same bead pattern and joined the amino acids in the correct
sequence while assembling the a-helix and forming the respective hydrogen
bonds. In this step, the students used the glucagon crystallographic
structure (PDB ID 1GCN) to compare, using the Discovery Studio Visualizer
software (https://discover.3ds.com/discovery-studio-visualizer). At the end
of the experimental activity, a group discussion was made, the glucagon
models were compared, and a questionnaire was applied to the students
(Appendix 1, part A). To assess learning retention, a follow-up
questionnaire was applied to the same students one year later (Appendix 1,
part B). All 15 original participants were located during another class and
invited to complete the follow-up assessment (Table 1, part B).

Results and discussion

Teaching and learning protein chemistry can be challenging due to its
abstract nature. However, understanding this subject is crucial for
comprehending various cellular mechanisms, including disease development
and drug action. The use of didactic tools to facilitate the students’
understanding of protein synthesis, structure, and functions has been widely
explored (Oliveira et al. 2017; Cavalho et al. 2018; Barnes, 2020;
Gongalves, 2022; Schmitz et al. 2020, 2022) and it is a simple and effective
tool to help the students to construct and consolidate the knowledge about
proteins. Alternatively, one could consider initially using interactive
computer images and subsequently constructing physical models. However,
the utilization of 3D construction has proven instrumental in elucidating the
intricate interactions among amino acid radicals, rendering the molecular
world more comprehensible for students. The subsequent integration of
images and computer simulations becomes more accessible in educational
settings following the prior introduction of concrete models. Presently,
numerous free online resources are available for learning about protein
structures and interactions, such as PDB-101 (Zardecki et al. 2022) and the
Swiss Model (Waterhouse et al. 2018). After students have established a
foundational understanding, these resources can be effectively incorporated
into classes with a reduced risk of being misunderstood (Roberts et al.
2005; Herman et al. 2006). In that regard, we emphasize our approach as
an effective method to enhance the learning of protein structures.
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As we aimed to build the 3D structure of human glucagon, the human
proglucagon mRNA was given to the students (Figure 2B). Once they had
the mRNA, students, divided into groups, translated codons to the primary
structure, i.e., amino acids sequence. This step was conducted by
consulting the genetic code, in which the amino acids are related to their
respective codon (Figure 2C). After translating the proglucagon, the post-
translational modifications of proglucagon to its active form, glucagon, were
discussed with the students. Also, the molecular formula of the 20 essential
amino acids was provided; thus, the students could recognize it and build
the lateral chains of those amino acids that compose the human glucagon.

The second assignment was to build the amino acids necessary for the
glucagon 3D structure. Using the molecular formula of amino acids,
students should create a scale for the bond length to the 3D model, which
resulted in 3D models with different sizes. Afterward, the lateral chains
were built using wire or nylon cords and beads of different colors
representing the carbon, hydrogen, oxygen, nitrogen, and sulfur atoms
(Figure 4). Students also chose the colors, so we had different colors among
the groups.

Figure 4 - Examples of lateral chains assembled by the students. Here, the
hydrogen (H), carbon (C), nitrogen (N), and oxygen (O) atoms are represented by
white, brown, blue, and pink colors of the beads. Source: the authors.

Once the lateral chains were assembled, students started to organize
the protein backbone using a thicker wire or nylon cord and the same
pattern of beads’ colors (Figure 5). The protein backbone was assembled
respecting the peptide bonds and a-carbon patterns after the lateral chains
were added to the protein.

When the students had the glucagon primary structure done, they started
to build the glucagon secondary structure, the a-helix. In Figure 6 we can
observe examples of the final structure assembled, which consists of the
human glucagon, with a 3D conformation, in different sizes, according to
the students’ standardized scale. To assemble the a-helix it was necessary
to remember the interactions between the lateral chains of amino acids. In
this way, students classified the amino acids as polar and non-polar and
assembled the hydrogen bonds between the amino acid residues. At this
point, the relationship between the primary and tertiary structures of
proteins was highlighted. This step highlighted the relationship between the
primary and tertiary structures of proteins, emphasizing that the sequence
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of amino acids determines the tertiary structure and the protein function. It
is important to remember that this sample of students already had
theoretical Biochemistry classes, so, we were reviewing those contents.

Figure 6 - Glucagon molecules assembled by the students. Source: the authors.

At the end of the activity, we asked the students to answer an opinion
survey to understand how they feel about the contributions of those classes
to their understanding of protein structures (Figure 7). The statements are
answered via a five-point scale ranging from “strongly disagree” to
“strongly agree”. The first statement was “The classes contributed to my
learning.”, and 70% of the students strongly agreed with this. In addition,
70% of students strongly agreed with the second statement “Considering
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the relationship between the primary and tertiary structure of proteins, the
classes contributed to my learning.” Otherwise when the statements were
about complex subjects, i.e., “Regarding protein folding, the classes
contributed to my learning.” and “The classes contributed to my
understanding of intramolecular interactions”, only 30% of students
strongly agree with the statements. Here, the students demonstrated some
difficulties in comprehending chemistry subjects, such as intramolecular
interactions, which likely originated in middle school. Schmitz et al (2022)
demonstrated that 9th-grade students had difficulty comprehending the
concept of the atom and molecular interactions. Nogara et al (2018)
demonstrated that Brazilian undergraduate students considered their
chemistry skills from high school incomplete. Interestingly, Paim et al
(2011) demonstrated that 50% of the Biological Sciences undergraduate
students did not conclude the General Chemistry program at a Brazilian
University.

Considering the relationship between primary
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Figure 7 - Students’ opinions about the classes’ contribution to their knowledge
improvement. Source: the authors.
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We also asked the students what the classes' positive and negative points
were. Table 1 shows the categories that emerged from the data analysis.
The data analysis was performed using Content Analysis (Bardin, 2011).
About the positive aspects, students called attention to the way the
professors conducted the class: “The professors were very good and
attentive”, characterizing the Professors as knowledgeable and earnest.
Also, highlighted the way the classes were developed, calling it a
differentiated class, compared to the traditional expositive classes: “We
learn more playfully”. Other categories are related to the articulation
between the theory (studied in theoretical Biochemistry classes) and
practice (the organelles work to synthesize proteins), an important aspect
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of Brazilian undergraduate courses (Schmitz, 2022): “the visualization of
structures facilitates understanding the interaction among molecules on a
microscopic scale”. Also, students pointed out that the class helps to
develop their autonomy, so they are protagonists of their learning, and the
teacher is the moderator: “The activity encourages thinking about the
topic”. The idea that the Professor must transmit all the knowledge and give
all the answers is being replaced by the idea of a professor that gives
motivation and instigates the students to search the knowledge, helping the
student to develop autonomy (Silva et al. 2019) as proposed by
constructivism learning theory (Ausubel, 1982). Thus, in constructivism, the
students' knowledge and understanding occurs through a "mental
construction" based on personal experiences, social interactions and prior
knowledge, which will creates the foundation for new concepts and
understanding.

Category Occurrence
Positive points

Knowledgeable and earing teachers 6
Differentiated class 5
Development of students’ autonomy 3

3D structure visualization 3
Articulation between theory and practice 1

Did not answer 1

Negative points

Did not answer 13
Long class 1
Did not explain the distance between amino acids 1

Table 1 - Practical classes’ positive and negative aspects pointed out by the
students.

The students are the protagonists of their learning and participate
actively. In this sense, practical pedagogical activities are of paramount
importance. Several studies have demonstrated that practical classes to
explain an abstract topic are well accepted by students and, in a general
way, students who participate in this kind of classes had a better
performance in the topic’s evaluation (White et al. 2002; Oliveira et al.
2017; Schmitz et al. 2020). Neto and Oliveira (2015) demonstrated that the
majority of Biological Sciences students considered practical classes to be
an effective tool for explaining a given theory. Additionally, the class
contributes to students' learning because it allows them to visualize the 3D
structure of proteins, a content that could be abstract and difficult to
understand. The great understanding of molecular science and the details
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we currently know about its mechanisms increased the difficulties of
communicating such processes. The tactile visualizations provide the
recognition of proteins as concrete entities (Roberts et al. 2005; Bain et al.
2006; Herman et al. 2006; Oliveira et al. 2017). The use of physical models
allows the easy manipulation, allowing students to explore the molecule
from various perspectives. Active participation in the construction process
not only facilitates comprehension but also heightens student interest in the
subject (Roberts et al. 2005; Bain et al. 2006).

Regarding the practical classes’ negative aspects, most of the students
did not answer this question, indicating they did not recognize any negative
aspects. However, one student pointed out that the class demands a long
period, in the category of long class. Also, one student pointed out that
teachers did not explain the distance they should use between the amino
acids. This category demonstrates the fact that some students are not
comfortable making decisions in class, as exemplified by the fact they
should create the scale for the bond length. In general, students have
difficulties performing an active role in the learning process (Felder and
Brent, 2016). In this way, active methodologies are being proposed, as in
our work, to stimulate the students’ protagonist in their learning.

After 1 year we contacted the students asking them to answer another
questionnaire, aiming to see if their opinions changed over time, as well as
their knowledge about protein chemistry. A great number of students (70%)
remembered the practical, and the other 30% vaguely remembered it
(Figure 8). More than 90% of the students remembered which protein was
assembled in the classes, glucagon (Figure 8). Corroborating the first
survey, most of the students (90%) pointed out that the construction of a
protein 3D model contributed to their knowledge construction and learning
process (Figure 8). Indeed, 100% of the students answered correctly the
three first questions about protein’s primary, secondary, and tertiary
structures (Table 2).

Question Correct
Answer?
Yes No

What is the protein backbone? 100% -

What changes in the protein's primary structure might alter? 100% -

What are the two most common types of protein's secondary | 100% -
structure?

What does the tertiary structure of proteins determine? 87% 13%

Which region of amino acids is responsible for protein polarity | 36% 64%
and molecular stabilization?

Table 2 - Percentage of students' correct answers about protein chemistry one
year later the practical classes.
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But only 36% of the students correctly answered the question “Which
region of amino acids is responsible for protein polarity and molecular
stabilization?” (Table 2). The incorrect answers represent a limitation in the
understanding, further emphasizing the students lack of chemistry-related
skills. It is important to note, however, that the students were already
familiar with these concepts from previously attended theoretical
biochemistry classes, and that the practical sessions described in this work
reinforced these topics.

Do you remember the protein modeling
practical classes? What protein was built during the class?
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Figure 8 - Answers of students one year after the class survey. Source: the
authors.

The final aspect to be addressed pertains to the recyclability and
reusability of the materials employed. A similar work by Oliveira et al
(2017) involved the utilization of styrofoam balls to depict atoms within the
insulin protein. The researchers underscored the challenge of recycling
styrofoam in numerous locations, as well as its inherent difficulty in being
reused. It is imperative to acknowledge that a considerable portion of the
materials employed in our study are recyclable and amenable to reuse,
particularly when the structural components are disassembled.

Conclusion

In this study, the biological sciences students assembled a 3D model of
glucagon, in three practical classes of approximately two hours each. The
students showed motivation and curiosity during the classes, which are
essential to knowledge construction. In addition, even one year after the
practical classes, most of the students believe this kind of class contributes
to their learning process, as well as they presented a good performance on
the content test. However, it was evident that many students exhibited a
lack of proficiency in chemistry skills, particularly concerning the
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understanding of intra- and intermolecular interactions, among other
related concepts. This finding reinforces the difficulty of understanding the
abstract mechanism, and explains our results, as learning becomes
meaningful when it is associated with already-known concepts. To address
this challenge in future classes, the Professors need to evaluate the
students' chemistry skills before commencing the protein 3D model
construction. By addressing this issue proactively, the Professors can
optimize the overall learning experience, ensuring that students are better
equipped to tackle the intricate concepts of protein chemistry. Additionally,
facilitating a solid understanding of chemistry concepts will likely improve
the student's performance in subsequent practical classes and enhance their
proficiency in the broader field of Biological Sciences.
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Appendix 1 - Surveys applied to the students. A) At the end of the class. B)
After one year.

A. At the end of the class

1. The classes contributed to my learning. () strongly disagree

( ) disagree

() neither agree nor disagree

( ) agree

() strongly agree

2. Considering the relationship between primary and tertiary structure of proteins,
the classes contributed to my learning. () strongly disagree

() disagree

() neither agree nor disagree

( ) agree

() strongly agree

3. Regarding protein folding, the classes contributed to my learning. () strongly
disagree

() disagree

() neither agree nor disagree

( ) agree

() agree strongly

4. The classes contributed to my understanding of intramolecular interactions. ( )
strongly disagree

() disagree

() neither agree nor disagree

( ) agree

() strongly agree

. Which were the negative and positive points of the classes?
After one year
. Do you remember the protein modeling practical classes? ( ) Yes
) Vaguely
) No
. What protein was built during the class?( ) Glucagon
) Insulin
. Did the classes contribute to your learning? ( ) Yes
) No

) Indifferent
. What is the protein backbone? ( ) Set of nucleotides linked by peptide bonds
) Set of amino acids linked by peptide bonds
) Set of amino acids linked by glycosidic bonds
) Set of nucleotides linked by phosphodiester bonds
. What changes in the protein's primary structure might alter? () Ribosome
) Protein function
) DNA
) Cell composition
. What are the two most common types of protein's secondary structure?
() Alpha helix and zinc fingers
() Beta sheet and alpha helix
() Beta sheet and zinc fingers
() Zinc fingers and TATA box
7. What does the tertiary structure of proteins determine? ( ) Protein
function
() Order of amino acids
() Order of nucleotides
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() Cell death

8. Which region of amino acids is responsible for protein polarity and molecular
stabilization? ( ) Active site

( ) a-carbon

() Side chain

() Carboxylic group
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