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Molecular case studies (MCSs) provide educational opportunities to explore biomolecular structure and function using data from public bioinformatics resources. The conceptual basis for the design of MCSs has yet to be fully discussed in the literature, so we present molecular storytelling as a conceptual framework for teaching with case studies. Whether the case study aims to understand the biology of a specific disease and design its treatments or track the evolution of a biosynthetic pathway, vast amounts of structural and functional data, freely available in public bioinformatics resources, can facilitate rich explorations in atomic detail. To help biology and chemistry educators use these resources for instruction, a community of scholars collaborated to create the Molecular CaseNet. This community uses storytelling to explore biomolecular structure and function while teaching biology and chemistry. In this article, we define the structure of an MCS and present an example. Then, we articulate the evolution of a conceptual framework for developing and using MCSs. Finally, we related our framework to the development of technological, pedagogical, and content knowledge (TPCK) for educators in the Molecular CaseNet. The report conceptualizes an interdisciplinary framework for teaching about the molecular world and informs lesson design and education research.
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1 Introduction

Structure–function relationships transcend science, technology, engineering, and mathematics (STEM) disciplines and are prioritized as a unifying concept (Yoho et al., 2018). A structure–function lens in biology and chemistry education provides valuable insights into the living world, ranging from organisms to molecules (American Association for the Advancement of Science, 2011; Holme et al., 2015). Whether experimentally determined or computationally modeled, biomolecular structures combine knowledge of physics, chemistry, biology, engineering, and computer science. With access to vast amounts of publicly available data, tools, and resources, we consider how to teach about biomolecular structure and function in biology, chemistry, and interdisciplinary contexts. Since narratives and storytelling are powerful tools in science communication (Dahlstrom, 2014), we use these to engage students in exploring biomolecular structures and examining interactions that facilitate their specific functions.

Fact-based stories about biological molecules engage a broad range of audiences, including students, educators, and the general public, connect them to scientific discovery, and inspire them to learn about the living world (Goodsell et al., 2021). Selected examples of resources that present molecular stories include Molecule of the Month (Goodsell et al., 2015), Proteopedia (Prilusky et al., 2011), and Online Macromolecular Museum (Marcey, 2011). Videos incorporating molecular animations are also sought-after for communicating molecular stories (Barbra and Stark, 2014; Werner, 2022). Recently, undergraduate educators collaborated to develop and use Molecular Case Studies (MCSs) for teaching (Dutta and Dries, 2019). The MCSs are designed to actively engage students in molecular storytelling, an investigative process of biomolecular visualization and bioinformatics exploration, to answer a specific question in the form of molecular stories. Herein, we present the structure and an example of an MCS. We then describe the evolution of a conceptual framework for MCSs. We relate the narrative structure of MCSs to a well-known storytelling framework and present operational definitions of molecular stories and storytelling. Finally, we position the framework for developing and using MCSs at the intersection of technological, pedagogical, and content knowledge (TPCK) to inform their use in interdisciplinary teaching and learning.



2 Motivation and purpose


2.1 Why should we care about molecular structures?

The double helix model of deoxyribonucleic acid (DNA) marked a turning point in our understanding of the world. It provided a structural foundation for understanding DNA’s function as the genetic material for living organisms (Watson and Crick, 1953). In the past seventy years, our knowledge of biomolecular structures has not only helped us understand the molecular basis of life but has also aided the design of molecules with novel properties and interactions to address various challenges in the world. Biomolecular structures have helped us develop specific treatments for many diseases - e.g., sickle cell disease (Oksenberg et al., 2016), COVID-19 (Owen et al., 2021), and cancer (e.g., Mol et al., 2004; Chen et al., 2016). Comparing structures of related biomolecular structures provides a window to witness evolution. For example, the shapes and properties of some viral proteins provide insights into their origins (Mughal et al., 2020); caffeine-producing enzymes derived from different plants can be similar in shape yet catalyze different chemical reactions to produce the same molecule (Huang et al., 2016).

Today, researchers routinely use biomolecular structures to understand the molecular basis of life. Vast amounts of information about biomolecules (e.g., genes, proteins, and their interactions) is freely available from public data resources. For example, GenBank (Benson et al., 2013) provides access to ~250 million gene sequences, UniProt (UniProt Consortium, 2023) has ~250 million amino acid sequences of proteins, and Protein Data Bank (PDB, Berman et al., 2013) provides access to 215 thousand experimentally determined structures of biological macromolecules (such as proteins, nucleic acids, carbohydrates, and a variety of small molecules) including their three dimensional (3D) shapes and interactions with each other. Over a million computed structure models are available for visualization and analysis alongside the experimentally determined structures from RCSB.org (Burley et al., 2023), and another ~200 million are available from Alpha Fold (Callaway, 2022). Various tools are available for exploring data from these resources, while information aggregation platforms allow researchers to integrate relevant details from different data sources to synthesize new knowledge. Millions of users, including researchers and disciplinary experts, use these data regularly. Educators can bring these same tools and platforms to engage students in the process of science and to help them appreciate a molecular view of the world.



2.2 Motivation for teaching about molecular structures

Scientific discourse in most STEM fields, including biology and chemistry, requires that students develop ‘visual literacy,’ a mastery of perceiving, interpreting, and comprehending diverse canonical representations (Schönborn and Anderson, 2006, 2009; Rybarczyk, 2011; LaDue et al., 2015). Teaching and learning about molecular structures are demanding - in addition to being ripe with confusing, counter-intuitive, and complex behavior (Alberts, 1998; Tibell and Rundgren, 2010), the molecules are too small to be directly visible. To be successful, learners must develop a corpus of discipline-specific vocabulary, representations, concepts, and skills to engage with, interpret, and process information about molecular structures from the scientific literature and other data resources (Offerdahl et al., 2017). However, there are many reasons why biomolecular structures are included in teaching and learning biology, chemistry, and related disciplines - we mention a few here.

• Structure and function have been identified as a core concept in undergraduate curricula for over a decade and have informed competency-focused education (American Association for the Advancement of Science, 2011; Yoho et al., 2018).

• Exploring molecular structures provides ample opportunities for collaboration and interdisciplinary learning (e.g., Kohn et al., 2018).

• Vast collections of biomolecular structures (Berman et al., 2003; Callaway, 2022) and tools for exploring them (Olson, 2018) are freely available for teaching and learning. Note: Educators need professional development to keep current with the rapidly growing data resources and continuously evolving visualization and analysis tools.

• Careers in many STEM fields expect familiarity with biomolecular structures and experience in navigating enormous data resources, especially for those related to biology and chemistry, including medicine, public health, and environmental sciences.

• General audiences frequently view familiar images of molecular structures in various media, even outside STEM fields.

• Visualization of biomolecular structures may facilitate comprehension of the relative sizes (of atoms, molecules, cells, tissues, and organisms) and time scales of molecular interactions and functions (Duncan, 2007; Tibell and Rundgren, 2010; Jenkinson, 2018).

We have developed ready-to-use MCSs adaptable to multiple curricular contexts to facilitate molecular structure–function discussions in introductory- and advanced-level courses in biology, chemistry, and related sub-disciplines.



2.3 Molecular CaseNet and the purpose of the article

Various biology and chemistry professional society learning goals (Brownell et al., 2014; Dries et al., 2017; Wilson Sayres et al., 2018; American Chemical Society Committee on Professional Training, 2019; Zeidan et al., 2021) emphasize discussion of biomolecular structure–function relationships. So both biology and chemistry educators value teaching about molecular structures and functions. However, beyond their knowledge of biology and chemistry, educators need to acquire two other types of knowledge to prepare for teaching molecular structures: (a) technological –i.e., the knowledge to use tools and resources to access biomolecular structural data and visualize molecular to relate biomolecular structure and function, and (b) pedagogical –i.e., the knowledge to teach effectively by finding suitable material and engaging contexts that support students learning of molecular structure–function relationships. A community of multidisciplinary postsecondary (community college, undergraduate, and graduate-level) educators collaborated to form Molecular CaseNet and address these challenges. Members of this group focused on developing and using MCSs that explore molecular structure and function at the interface of biology and chemistry (Dutta and Trujillo, 2023; https://molecular-casenet.rcsb.org/).

In the last five years, more than sixty educators have connected with Molecular CaseNet to develop and use ~thirty different MCSs on a variety of topics ranging from genetic disorders, metabolic pathways, infectious diseases, convergent evolution, and more. Nine of these have been peer-reviewed and published as open education resources on the QUBES platform.1 Most of these MCSs have been viewed over a thousand times, downloaded hundreds of times, and adapted by multiple educators to meet various curricular contexts and needs. In addition, a few MCSs are currently in the peer-review process, more than a dozen are being piloted in various colleges and universities in the US and Canada prior to submission for publication, and a few more MCSs are in the process of being developed.

Molecular stories and molecular storytelling have been discussed in the literature (Goodsell et al., 2021) but have not been studied formally in relation to classroom teaching. Herein, we review the literature to summarize previous developments to guide our communication about MCSs. We then present the iterative process of developing a framework for MCSs by educators (members of Molecular CaseNet), testing its usability by piloting them in a variety of curricular settings, identifying challenges, and addressing them. The evolution of the MCS framework was guided by ongoing discussions with the Molecular CaseNet members. The central purpose of this report is to create a conceptual framework for teaching and learning with MCSs.




3 Previous scholarship


3.1 The technological, pedagogical, and content knowledge (TPCK) framework

According to Shulman (1986), knowledge of the subject matter alone is insufficient for teaching effectively; some knowledge of the theories and methods of education is also essential. He suggested that, at the intersection of these two types of knowledge, successful educators can (1) make disciplinary content comprehensible to learners and (2) understand learners’ challenges well enough to help them learn difficult subjects. Shulman originated the idea of combining pedagogical and content knowledge (PCK) for teaching. Later, the conceptualization of how educators must also leverage technology in the classroom extended this idea. The Technological, Pedagogical, and Content Knowledge (TPCK) framework provides a valuable scaffold for the multifaceted challenges and growth opportunities in teaching with technology (Koehler and Mishra, 2009). While discussing each TPCK component is helpful, they are most potent in unison for professional development, education design, and research while considering discipline, classroom, teacher, and student factors (Voogt et al., 2013; Rosenberg and Koehler, 2015).

The motivation for creating MCSs was to facilitate effective combination of three different types of knowledge for teaching (Figure 1):

• Technological, e.g., molecular visualization and bioinformatics

• Pedagogical, e.g., active learning through case studies and storytelling, and

• Content, e.g., biology, chemistry, and related subdisciplines, including structural biology.
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FIGURE 1
 Venn diagram showing the TPCK components relevant to the MCSs. The figure is modified from Koehler and Mishra (2009).


Herein, we present the TPCK components in the context of MCSs and link each to previous literature.



3.2 Separate TPCK components

The technological knowledge (TK) emphasized in MCSs is the mastery of tools for biomolecular visualization and effective use of bioinformatics data resources. The PDB (RCSB.org; Berman et al., 2000, 2003, 2013) provides free access to 3D structural data of biological macromolecules, tools for structure visualization and analysis, and links to various bioinformatics data resources for research and education (Burley et al., 2023). Participating in MCSs not only requires interaction with these data, tools, and resources, but it is also essential to have some understanding of how they relate to each other and how to interpret them.

The pedagogical knowledge (PK) emphasized in MCSs is that of active learning through case studies. Case studies often use stories to provide opportunities to explore real-world scenarios, such as events in news media (Hibbard, 2019), and engage students in context-rich problem-solving (Herried, 1994; Harvard Business Publishing Editors, 2021). A recent review of case studies in chemistry reported that educators used a wide range of teaching methods to deliver instruction (Bernardi and Pazinato, 2022). Students improved conceptual understanding, team-based communication, critical thinking, problem-solving, and decision-making skills. Parallel positive outcomes have been seen in biology (Bonney, 2015) and biochemistry (Kulak et al., 2017). Context-based learning provides similar benefits for student conceptual understanding, motivation, and meta-cognition (Ültay and Çalık, 2012; Dori et al., 2018; Sevian et al., 2018). The MCSs focus on engaging students in actively exploring biomolecular structures to understand the molecular basis of authentic cases and answer questions about them.

Finally, content knowledge (CK) combines comprehension of concepts, vocabulary, and details related to structure and function and learning objectives in biology, chemistry, biochemistry, and bioinformatics listed in Table 1. Some knowledge of structural biology is also necessary to help understand where the 3D structural data (of experimental and computed structure models) come from and how they can facilitate understanding biology and chemistry. MCSs support multidisciplinary teaching and learning. So, educators with complementary disciplinary expertise in biology, chemistry, and related sub-disciplines (biochemistry, microbiology, genetics, etc.) can collaborate while authoring MCSs. Users of MCSs have the benefit of using and adapting published MCSs that may be suitable for their course theme but outside their specific area of expertise. MCSs can also enable educators teaching different disciplinary courses to coordinate their teaching so that students can begin to learn about topics from multidisciplinary perspectives.



TABLE 1 Published learning goals from various professional societies or programs.
[image: Table1]



3.3 Combined components

Technological pedagogical knowledge (TPK) is the command of teaching the tools used for identifying, visualizing, and analyzing case-related molecular structures and effectively navigating through bioinformatics data resources. In a nationwide survey, educators value the students’ ability to access data and use tools in bioinformatics, and this value increases by degree level (Wilson Sayres et al., 2018). Recently, a framework of themes, goals, and objectives was developed for biochemistry and molecular biology instructors to evaluate visual literacy in students (Dries et al., 2017). Representations or conceptual constructs commonly used in communicating biomolecular shapes and interactions are summarized in Supplementary Table S1A. Discussions amongst Molecular CaseNet members have helped identify and create resources to learn the use of molecular visualization tools and navigation through various bioinformatics resources. To effectively teach with MCSs, educators must master the tools and representations of biomolecules, foresee where learners will likely fall short of learning objectives, and aid their learning as needed.

The technological content knowledge (TCK) is the command of using 3D structural and bioinformatics data, tools, and resources in teaching disciplinary concepts. Molecular structure visualization is gaining popularity in chemistry (Tsaparlis, 1997; Jones, 2013) and biology education (Terrell and Listenberger, 2017). Similarly, the use of bioinformatics tools is growing in biology education (Ditty et al., 2010; Rele et al., 2023). MCSs provide an excellent platform for teaching students how to synthesize information from 3D structural and bioinformatics data with their knowledge of chemistry (e.g., the chemical interactions within and between biomolecules) and biology (e.g., information storage, signal transduction, metabolism), to gain a deeper understanding of the case-related research question(s). Like the other forms of knowledge, educators develop their mastery of TCK by accessing and practicing different technologies that support the disciplinary domain(s) of the courses they teach.

Pedagogical content knowledge (PCK) focuses on teaching biology and chemistry disciplinary content in molecular detail. A variety of discipline-specific experimental methods are used to investigate biomolecules. Method-specific representations are summarized in Supplementary Table S1B. In chemistry education and research, different levels of thought (macroscopic, submicroscopic, and symbolic) have different representations (Johnstone, 1991; Taber, 2013). This triangle of relationships continues to inform the design of instructional materials (e.g., Petillion and McNeil, 2020). In biology education and research, explanations about proteins often describe methods, analogies, contexts, theories, and ‘how’ the mechanism works (Trujillo et al., 2015) and integrate thermodynamics and kinetics when considering protein-folding and dynamics (Jeffery et al., 2018). Biology and chemistry educators strive to help students (a) reason through visual representations (Schönborn and Anderson, 2006, 2009; Offerdahl et al., 2017); (b) relate causal factors in biomolecular phenomena (Schwarz et al., 2020); (c) trace cellular and molecular activities through time and space (Machamer et al., 2000; van Mil et al., 2013, 2016), and (d) apply all of these skills to discuss protein-ligand binding (Trujillo et al., 2015, 2016a,b; Franovic et al., 2023). To effectively teach with MCSs, educators must support students in learning biology and chemistry concepts and the various conceptual and discipline-specific representations of biomolecules (see Supplementary Tables S1A,B).

TPCK is the combination of all of the above components an instructor develops to effectively teach about the biomolecular world in a technology-forward way. Little is known about how educators would develop TPCK for teaching using biomolecular structures and bioinformatics data. This manuscript documents, through the lens of TPCK, the products and process of developing a conceptual framework for MCSs. We describe the products (i.e., MCSs) and the evolution of a conceptual framework for authoring and using MCSs. We then position our conceptual framework for authoring MCSs in the context of TPCK. We will present our findings from observing how authoring and using MCSs impacted the educators’ TPCK in a separate publication.




4 The product: Molecular Case Studies

The MCSs engage students in exploring the molecular basis of authentic case themes and answering questions about them. A central activity in these case studies is the visualization of biomolecular 3D structures relevant to the case theme. Molecular visualization provides a platform for integrating knowledge from different sub-disciplines of biology and chemistry (e.g., biochemistry, genetics, and cell biology) to practice interdisciplinary, team science across STEM disciplines. The MCSs also act as an ideal vehicle for introducing students to a variety of freely available bioinformatics data resources that scientists and researchers use routinely, so that they can learn about the practice of science in a low-stakes environment. Finally, MCSs are effective teaching and learning tools, since they are aligned with the three aspects of learning addressed in the Universal Design for Learning (Orla et al., 2022) - (a) Engagement - i.e., why the case study topic is important; (b) Representation - i.e., what the students will learn from the case; and (c) Action and expression - i.e., how the students will learn and apply this knowledge. Key sections of MCSs aligned with the motivations and molecular story/storytelling components are shown in Figure 2. Herein we present the overall structure of an MCS and the types of learning it can support, followed by an example.

[image: Figure 2]

FIGURE 2
 Sections of the molecular case study (MCS) aligned to the motivation for learning explored during phase two (top row) and molecular story component (bottom row).



4.1 Sections of a molecular case study

Each MCS has four main sections (Figure 2) described below:

1 Presenting the case context: The purpose of this section is to engage students in wanting to learn about the case theme. Students usually begin the MCS by watching an engaging video or reading an article or report describing an interesting or relatable observation or event that introduces the case study theme. Resources to introduce students to any essential background knowledge about the topic are included in the case study (so that they may understand the significance of the case context). This sets the stage for taking the first step in scientific curiosity (Jirout, 2020) - asking at least one specific question about the case theme to provide a purpose for the students’ biomolecular explorations.

Skills learned: Students learn to relate to an event or phenomenon they have encountered and ask questions about it, the first step in scientific curiosity.

2 Getting to the structure: The purpose of this section is to determine which biomolecules (proteins and/or their complexes) are relevant to the case study discussions. Students use clues presented in the case context, instructions provided in the case study, and various literature and bioinformatics resources (e.g., described in Sayers et al., 2022) to determine which protein(s) to study. They then search for and identify one or more specific 3D structure(s) to explore.

Skills learned: Students learn to read the scientific literature, gather relevant information, and use it to query the PDB to identify the case study-related biomolecules to explore.

3 Exploring the structure: The purpose of this section is to visualize and examine the overall shape and detailed interactions of the case study relevant 3D structures (identified in the previous section). Students visualize and analyze these structures using molecular visualization software such as Mol* (Sehnal et al., 2021), and gather details about the molecules and/or case study theme from bioinformatics data resources as needed.

Skills learned: Students learn to analyze and interpret 3D structural data and navigate through public data resources to gather details that are relevant to the information.

4 Connecting structure and function across scales: The purpose of this section is to integrate information from various sources, map them to the 3D structures being explored, to answer the case study question(s). Depending on the case study theme, students may have to relate how interactions at the molecular level can not only impact its function but transcend scales to impact a phenotype or physical observation presented in the case study.

Skills learned: Students learn to use information gathered from various sources to synthesize knowledge and explain the MCS question.

All published MCSs include a video, article, or report that introduces the case study; a worksheet guiding students through the MCS; answer keys for all case study questions, along with resources and reminders for the educator to pause and review or clarify key concepts used in the case study; case-relevant background resources; and teaching notes for implementation. MCSs are presented in a modular format, allowing flexible adoption and adaptation. For example, educators may assign specific sections of an MCS as homework assignments, while others may assign them as in-class activities to meet the needs of the course syllabus. The case study may be adapted to use alternate molecular visualization, bioinformatics, or classroom interaction tools to suit the course setting and resource availability. Additional sections may be added to the MCS to assess learning and connect the MCS to the curricular theme.



4.2 An example: Happy Blue Baby

This case study focuses on understanding the molecular basis of why an otherwise healthy baby girl turned blue soon after birth. The four sections of the case study are described as follows and also summarized in Figure 3:

1 Presenting the case context: The case begins by reading a local newspaper report describing the story of a baby girl born in Toms River, NJ, who turned blue soon after birth. All tests done in the neonatal intensive care unit were unable to diagnose possible reasons for the cyanosis, so the infant was taken to a specialist. The driving question for this case study is “Why did the baby turn blue?”

[image: Figure 3]

FIGURE 3
 Glimpses of key steps in the MCS “Happy Blue Baby” (numbered 1–4). Note these steps are mapped on the Molecular Case Study cycle construct during phase 1 (modified from Dutta (2020a)).


In a conversation with the specialist, the baby’s grandmother revealed that her son (the baby’s father) had also experienced similar symptoms when he was born. Several tests were done at that time, too, but no conclusive diagnosis was made. Moreover, since the symptoms resolved in the first 6 months of his life, no further investigation was done. This conversation gave the specialist an important clue about the possible molecule to investigate.

At the end of this section, a mini lesson introduces students to fetal and adult hemoglobin. If these ideas have already been introduced in the course where this case study is being implemented, the instructor may decide to skip this mini lesson.

2 Getting to the structure: Following the lead provided by the baby’s grandmother, the specialist ordered some tests that led to the identification of a specific mutation in the fetal hemoglobin. Based on the nature of the mutation, students are asked to develop a hypothesis for why this mutation may lead to the baby turning blue. They are then guided to identify a structure in the Protein Data Bank (PDB) that includes this specific mutation where Valine 67 is changed to Methionine.

3 Exploring the structure: This section focuses on exploring the structure identified in the previous section - visualizing it and examining the mutated amino residue (Methionine 67) in the structure to note that it is located close to the heme group bound to the gamma hemoglobin protein chain in fetal hemoglobin (see Figure 2). However, this observation does not directly answer the question why the baby turned blue. So students are also guided to use specific tools available from RCSB.org to identify native structures of the fetal hemoglobin (without mutations) to compare the interactions of that amino acid and test the hypothesis that they developed about the molecular basis for the baby turning blue.

4 Connecting structure and function across scales: In this section, students compare the structures of the native and mutant proteins. They learn that the specific valine in question lines the pocket where the oxygen would bind the heme group. Since the methionine side chain is larger than the valine, it occupies a larger volume in the pocket and interferes with oxygen binding. The low oxygen binding, in turn, leads to higher proportions of deoxyhemoglobin in the blood, making the baby’s skin blue.

Following its initial publication (Dutta, 2020b), this MCS has been adapted by several educators to meet their specific curricular contexts. In one adaptation, the case was presented as an interrupted case study (Riley and Dutta, 2020), where students had to complete a section of the MCS in order to access instructions and information for the next section. Another adaptation (Procko, 2021) included multiple-choice questions to allow the use of the case study in a large classroom, while another adaptation focused on using the MCS in a large introductory-level virtual biochemistry class (Vardar-Ulu, 2021). Depending on the level and disciplinary focus of the course, instructors may create adaptations that use additional data presented in the case study materials to discuss oxygen binding in native and mutated forms of fetal and adult hemoglobin.




5 The process: developing a conceptual framework for molecular case studies

From initial conception to presenting it as a rich narrative model supporting the exploration of biomolecular structures and telling stories about them, our ideas about the contents, goals, and use of MCS have evolved over time. Herein, we describe some important milestones in the development of MCSs that parallel common steps followed in design-based research (Collins et al., 2004; Trujillo et al., 2016b), e.g., iterations, changes in priorities, and identification of pitfalls. We present this process in three phases, focused on: (1) defining requirements for an MCS; (2) specifying motivations for authoring (and using) MCSs, and (3) improving the MCS narrative, which enables effective molecular storytelling. The MCSs have been implemented in various courses and curricular settings (e.g., large and small classrooms, in-person and virtual classrooms, introductory-level vs. advanced-level courses). Feedback from these implementations helped identify gaps and challenges in the preparation and/or presentation of the MCSs. Discussions between Molecular CaseNet faculty about these challenges helped develop solutions and fueled the evolution of the MCS.


5.1 Phase 1: defining requirements for a molecular case study

When Molecular CaseNet was formed, the steering committee’s first order of business was to figure out the requirements and a format for MCSs enabling learning at the interface of biology and chemistry. Since biomolecular structures form an excellent bridge between biology and chemistry, the steering committee members agreed that exploring at least one biomolecular structure in atomic detail would be required for each MCS. At this stage, the key elements of an MCS included (a) an authentic theme or contexts to engage student interests; (b) a specific question related to the case study theme to motivate molecular structural explorations; and (c) at least one 3D structure of a protein relevant to the MCS, exploring which could help answer the case study question. A conceptual model, the Molecular Case Study Cycle (Dutta, 2020a), was developed to connect these key elements and describe how students could engage with them. An example of the MCS cycle in the context of the Happy Blue Baby case study is shown in Figure 3. The steering committee agreed that each MCS would complete at least one MCS cycle. The distinguishing feature of MCS (compared to other case studies) is the inclusion of an active molecular visualization and analysis and integration of information from public bioinformatics resources to answer the case study question(s).

Educators who joined Molecular CaseNet in the incubator phase of the project collaboratively authored several case studies using the MCS cycle as a guide. These MCSs presented a variety of themes and were written for different disciplinary courses (including biology, chemistry, biochemistry, and genetics). The molecular visualization tool used in these initial case studies was iCn3D (e.g., Wang et al., 2022) since, at that time, this was the only freely available web-based tool that did not need to be downloaded or installed for use. For a few cases, pre-made molecular exhibits from the Online Macromolecular Museum (Marcey, 2011) were also used as the beginning points of molecular explorations. A nationwide team of seventeen undergraduate educators from a variety of undergraduate universities, community colleges, and research institutions piloted these case studies as part of a Faculty Mentoring Network (FMN) hosted on the QUBES online platform (Donovan et al., 2015). The FMN participants provided feedback to the MCS authors so that they could make necessary updates before publishing the MCSs on Molecular CaseNet.

Lessons Learned: Educators who piloted these case studies reflected on their experiences and shared them with other participants during the FMN activities. These discussions indicated that many students, especially in introductory-level biology and chemistry courses, struggled to complete the MCSs since they were unfamiliar with -

a. specific biology and chemistry concepts and vocabulary used in the MCSs, and

b. the interfaces of 3D structural and bioinformatics data resources and tools for interacting with them.

In response to this awareness members of Molecular CaseNet began developing short videos, tutorials, and documentation to help support students and faculty while implementing the MCSs. Many of these resources are available online (e.g., see the Molecular CaseNet YouTube channel, Molecular CaseNet9461, n.d.), and materials continue to be developed, revised, and collected. Additionally, professional development opportunities were created, where practicing experts taught developing faculty interested in joining Molecular CaseNet, how to use various molecular visualization and analysis tools.



5.2 Phase 2: specifying motivations for authoring molecular case studies

After the creation of a few MCSs as proof-of-concept (described above), we set out to recruit Molecular CaseNet members with diverse disciplinary expertise and interests. Our goal was to engage them in authoring MCSs that would (a) be relevant in different disciplinary courses and curricular contexts and (b) address various learning goals that educators in biology, chemistry, and related disciplines set out to cover. To ensure that the MCSs authored by faculty with different disciplinary expertise meet the Molecular CaseNet requirements, we needed clear guidelines for developing and using them.

Documenting the steps for authoring MCSs was jump-started in 2020 during the COVID-19 lockdowns when many faculty had to find activities to support student learning outside the laboratory. A sub-group of faculty piloting MCSs engaged their senior-level undergraduate students in authoring MCSs as a partial course-based undergraduate research experience (CURE; Riley et al., 2021). These faculty collaborated to create a detailed guide for their students authoring MCSs. This guide was modified for broader use by all MCS authors. To ensure that faculty (both authors and users) would find an MCSs relevant to their courses and curricula, various professional society learning goals in biology, chemistry, bioinformatics, and molecular visualization (see Table 1), were woven into the guidelines. Listing these learning goals can (a) help authors stay on topic, (b) guide other educators in selecting MCS that works best for their curriculum, and (c) help Molecular CaseNet reviewers evaluate the MCSs for publication.

Our experiences described in the previous phase emphasized the value of piloting the MCSs at least once prior to submission to Molecular CaseNet for review and publication as an open educational resource. Given that MCSs may cover a variety of disciplinary topics the process for reviewing these case studies also needed to be clearly defined. In fact, the review process is divided into two parts - a part that applies to all MCSs and a discipline specific part that is unique to each case study and related to its case topic and or emphasis. A group of educators who had participated in authoring and using MCSs, worked together to document each step in the Molecular CaseNet pipeline for authoring, piloting, and reviewing MCSs for publication (Pettit et al., 2023).

Lessons Learned: As part of the Faculty Mentoring Network (hosted on the QUBES platform), diverse educators nationwide implemented the MCSs in various curricular contexts in spring 2021 and 2022. These educators reported their observations from implementing these case studies. Based on these reports, it became clear that many students and some of the developing educators (who have limited experience in molecular structure–function discussions) faced three types of challenges:

a. Relating different types of data: Many students (and even some developing faculty) had gaps in their understanding of the relationship between different types of bioinformatics data (e.g., protein and nucleic acid sequences, variations, mutations, functions), biomolecular structural data, and their biological/chemical implications.

b. Identifying relevant data: Many students needed to recognize and use the specific attributes of the case-related biomolecules to reliably identify their structures and specific details about them from bioinformatics data resources for structure–function discussions.

c. Connecting structure–function discussions to the case context: Many students needed more support in organizing and relating the structure–function discussions in the MCS with the case context and using biology/chemistry knowledge to answer the case study’s research question.

The first challenge is independent of the specific case study topic. Educators participated in post-FMN brainstorming sessions to suggest ways to overcome them. An outcome of these discussions motivated a group of the Molecular CaseNet faculty to create a collection of curricular materials called Box of Lessons, which introduces students and developing faculty to the data, tools, and resources available from RCSB.org and how to relate them to our knowledge of various types of biological macromolecule (Johnson et al., 2022). Following piloting, these lessons were published on the PDB-101 educational portal.2

The latter two challenges noted in these pilot implementations of the MCSs are case study specific. To address these, we have attempted to re-envision the narrative structure of the MCSs to improve the flow of activities in the MCS and facilitate improved teaching and learning.



5.3 Phase 3: improving the molecular case study narrative

To improve the MCS narrative, we needed to better understand the case-specific challenge points identified in the implementations described in section 5.2. We decided to map the narrative structure of MCSs to a popular storytelling framework. However, before we describe this mapping, we provide operational definitions for two terms used in the context of these case studies and then explain their relevance to MCSs:

• Molecular stories: They describe how in specific biological processes (contexts), key molecules (characters) related to the MCS topic, interact with other molecules (partner proteins, nucleic acids, ions, substrates, inhibitors, regulators etc.) to mediate one or more functions (changes and conflicts), and offer new insights or understanding (connections) about the topic and/or theme.

• Molecular storytelling: This is the investigative process or journey that the student takes in the MCS to identify, organize, and analyze crucial elements of the molecular story and relate them meaningfully to help complete the MCS and answer the question(s).


5.3.1 Molecular stories

A molecular story describes how specific molecules (characters) in specific biological processes (contexts) interact to mediate one or more functions (changes and conflicts) to offer new insights (connections) about the topic. The significance of each of these elements is described herein:

• Characters: The primary characters or biomolecules that play vital roles in the molecular story are driven by physical and chemical laws, facilitating biological processes on the cellular stage. In introductory-level courses, these characters may be shown in simplified representations, such as circles or boxes, while in an advanced-level discussion, the molecules may be shown in a variety of representations: - e.g., as a polymer sequence, chemical formula, or in 3D atomic detail as ribbons, molecular surfaces, or a combination of them. In addition to particulars of the primary character’s properties, shapes, interactions, and functions, the story may also discuss properties of partner proteins (i.e., secondary characters) that form a complex assembly with the primary character, especially when discussing their roles in tissue, organ, or organism-level functions.

• Context: Molecular characters in the story are in a situated biological and chemical system. Characteristics of the context need to be noted, understood, and considered throughout the story. Biological contexts may specify the type of cell and location in the cell, while chemical contexts may specify the nature of the environment where the molecular story takes place (e.g., in the nucleus, on the surface of the cell, in the blood plasma). In introductory-level discussions, the context may focus on only one or a few aspects of the molecular characters’ environment. In contrast, accounting of the overall environment and its interactions with the molecular character of interest, may provide a more accurate description and be suitable for advanced-level discussions. Understanding the context in detail may also include accounting for complexities and ambiguities due to experimental method-specific assumptions and limitations in the available data.

• Conflict: Learning about the conflict or challenge in the molecular characters helps explore their role in the story. A simple story may describe the normal functioning of a molecule and how its shape and interactions change under specific conditions. In a conflict (or disease situation), such as the presence of a mutation or binding to an inhibitor, the molecule’s interactions may change, leading to altered functions. Depending on the level of discussion (introductory or advanced), the detail in which the conflict or change-related interactions are described may vary - ranging from descriptive to quantitative.

• Connection: The final component of a molecular story connects or ties together the characters, context, and conflict. It presents rationales for how structural features of biomolecular characters facilitate its function(s). While an introductory-level discussion may be limited to visualizing biomolecular structures to explain their function(s), advanced-level dialogues connect specific interactions in molecular structures to chemical and biological measures of its functions - e.g., binding constants or the rate of reactions.

Example: In the Happy Blue Baby case study, the central character of the molecular story was the fetal hemoglobin, the context discussed in the story was the presence of a specific amino acid mutation, the conflict was the location of the mutated amino acid’s side chain near the oxygen binding pocket near the heme group, and the connection to function is the interference of the larger side chain of the mutated residue with oxygen binding.



5.3.2 Positioning molecular stories within molecular case studies

The molecular story only focuses on the biomolecules, their properties, interactions, and functions. MCSs, on the other hand, present an authentic and interesting story, motivating students to engage with the molecular story. Note that the MCS is also presented as a narrative with characters, contexts, conflicts or challenges, and connections. In introductory-level MCSs, the relationship between the molecular story and MCS components may be explicit, while in advanced-level implementations, students may have to explore the literature and various bioinformatics resources to figure out these relationships. Either way, the main role of these MCS components is to provide motivations for engaging with the topic of the molecular story. The significance of each of these is described herein:

• Characters that engage interest: The MCS characters may be an individual or a group of humans, animals, or plants facing a specific circumstance worthy of discussion. They may be introduced through a newspaper article, video, audio recording, or image as they present facts, experiences, and observations about the case study topic. The narrative of these characters makes the case study topic relatable, can engage students’ interest, and motivate them to learn more. Additional characters may also play essential roles in the case study discussion (e.g., educators, peer group members, or mentors) by providing complementary information about the topic or guiding students to resources to learn more about the case study topic.

• Context that provides real-world relevance: The MCS context presents authentic and observable conditions of the MCS character(s) that students can relate to. Exploring MCS contexts in molecular detail can help students appreciate why learning about this topic is important. Context also helps provide boundaries for meaningful discussions and effective information searches.

• Conflict that presents the case study problem(s): Conflict in the MCS refers to an observable challenge faced by the case study character(s). This challenge usually is the foundation of the research question driving the case study. Curiosity is a human instinct that can motivate students to learn more about the case study topic in molecular detail to answer the question.

• Connections that help design solutions: The crux of MCS is using knowledge about the molecule’s structure and function to help answer the research question. The MCS’s connection transcends scales and multiple disciplinary discussions to connect molecular functions to cellular, tissue, or organism-level outcomes. This connection may be limited to explaining the molecular basis for a macroscopic observation in an introductory molecular case study. However, at the most advanced-level, this connection may make way for designing new features or molecules with specific functions of interest, facilitating novel solutions to the conflict in the case study.

Example: In the Happy Blue Baby case study, the baby, her grandmother, her father, and the specialist (a doctor who diagnosed her condition) are all important characters in the MCS. The context and conflict is the baby’s cyanosis (baby turning blue after birth), which is diagnosed by connecting the information shared between the characters, test results, and follow-up research to uncover the molecular story about the fetal hemoglobin mutation that interferes with oxygen binding.

In summary, each MCS has at least one molecular story included in it. While both MCSs and molecular stories include four components - characters, contexts, change or conflicts, and connections, they play different roles. The relationships between these components in introductory- and advanced-level discussions of MCSs are summarized in Table 2.



TABLE 2 Relating the key components of molecular stories and molecular case studies to each other at introductory (Intro) and advanced (Adv) levels.
[image: Table2]



5.3.3 Storytelling in molecular case studies for teaching and learning

Case studies are designed to be active learning experiences. Molecular storytelling is an active learning process where students take on an investigative journey to identify, organize, and analyze crucial elements of the molecular story and meaningfully relate them to complete the molecular case study. Students begin by learning about the MCS context, characters, and conflict. Their goal is to identify and explore the structure and functions of key molecular players (i.e., narrate a molecular story) and connect the MCS components to answer the case study question(s). Just as in any case study, where students are assigned to a specific point of view (Herried, 2019), students participating in MCSs also take on particular roles or perspectives - e.g., that of a person living with a specific disease or their friend, caregiver, or doctor. The student’s journey to answer a research question in molecular detail can be equated to the Hero’s Journey, a popular framework for narrative storytelling.

Campbell’s (1949) book titled The Hero with a Thousand Faces detailed the recurring patterns in stories about mythological heroes told across cultures. He claimed that virtually every Hero’s Journey or story from across the globe follows a single unifying pattern, a monomyth. Although Campbell’s thesis has faced criticism, it has since been repurposed from mythology to provide a roadmap for producing compelling stories by Vogler (1992), a Hollywood film producer and writer. This structure can be seen in cinematic epics like Star Wars, Harry Potter, and Lord of the Rings and in science communication through the power of stories (Olson, 2015). We noted the similarity between the stages of the student’s active learning journey in the MCS (molecular storytelling) and that described in the Hero’s Journey:

Hero’s Journey:


Heroes are (1) introduced in the Ordinary World, where they (2) receive the call to adventure. They (3) are reluctant at first or refuse the call, but (4) are encouraged by a mentor to (5) cross the first threshold and enter the Special World, where they (6) encounter tests, allies, and enemies. They (7) approach the inmost cave, crossing a second threshold where they (8) endure the supreme ordeal. They (9) take possession of their reward and are (10) pursued on the road back to the Ordinary World. They cross the third threshold, (11) experience a Resurrection, and are transformed by the experience. They (12) return with the elixir, a boon or treasure, to benefit the Ordinary World. [Emphasis modified] (Vogler, 1992, pg. 30).
 

Molecular Storytelling Journey (a parallel description of Hero’s Journey for MCSs):


Students are (1) introduced to a case theme in the Macroscopic World, where they (2) receive the call to answer a research question. They (3) are reluctant at first or need to learn new concepts and tools, but (4) are encouraged by a teacher to (5) cross the threshold and enter the Molecular World, where they (6) encounter many molecular structures and bioinformatics data. They (7) approach the case-related molecular structures, where they (8) endure a detailed analysis. They (9) take possession of their knowledge of structure–function relationships and (10) are driven to bring back answers to the research questions in the Macroscopic World. They cross the next threshold, (11) experience a new understanding of the case study, and are transformed by their knowledge. They (12) return with their structure–function insights to benefit the Macroscopic World.
 

We mapped the MCS cycle (Dutta, 2020a) onto the Hero’s Journey steps that Vogler (1992) articulated to identify parallels in the student’s Molecular Storytelling Journey. The mapping is shown in Figure 4 and listed in Table 3, along with the pedagogical relevance of the main steps. The ordinary world of the hero parallels the macroscopic world of the student’s case study theme. The student’s journey begins with an introduction to the case (in the blue portion, Figure 4), setting the stage for asking the research question (steps 1 and 2). Students learn (or review) disciplinary concepts and relevant technology (steps 3 and 4) before embarking on their journey. They then enter the molecular world to search for, identify, retrieve, visualize, and analyze relevant molecular structures and information from public data resources to relate them to structure and function (steps 5–9, red portion). Finally, they connect the molecular and macroscopic worlds by synthesizing new knowledge and applying it to answer the case study’s question (steps 10–12, green portion of cycle).

[image: Figure 4]

FIGURE 4
 Mapping the Hero’s Journey to steps in the student’s Molecular Storytelling Journey. A Hero’s Journey model that combines key elements of molecular stories, case studies, and storytelling. The model begins at the top center and shows a clockwise sequence of steps the students take (outer circle). The corresponding steps of the Hero’s Journey are in italics in the inner circle. A horizontal dashed line separates the macroscopic and molecular worlds, while a vertical line separates the journey beginning from its conclusion. The macroscopic, microscopic, and integrated worlds are marked in blue, red, and green.




TABLE 3 Relating the steps of the student’s molecular storytelling journey to the pedagogical relevance.
[image: Table3]

The student’s journey framework (Figure 4) allows MCS authors and users to visually map molecular storytelling in a purposeful way. It recognizes points where problems may arise, helping educators proactively prepare to support student learning. For example, the challenges identified during initial implementations of MCSs in introductory-level courses, i.e., gaps in understanding concepts, vocabulary, and tool interfaces (section 5.1, Lessons Learned, a and b) and data relationships (section 5.2, Lessons Learned, a) can be addressed in steps 3 and 4 before the student attempts to enter the molecular realm. The horizontal dashed line in Figure 4 separates the macroscopic world (top) from the molecular world (bottom). Two case-specific challenges, i.e., identification of case-relevant data and connecting molecular structure–function to macroscopic observations (Section 5.2, Lessons Learned, b and c) mapped around the intersection points of the horizontal line and the student’s journey circle (Figure 4) at steps 5 and 10. Depending on the course level and prior experience of students participating in the MCS, these steps may be suitably scaffolded by the educator (using notes and resources included in the MCS).

A conceptual framework for developing and using MCSs: The overarching goal of MCSs is to engage students in using MCSs to relate macroscopic observations of real-world situations to molecular explanations. We began by identifying key elements of an MCS and connecting them in the MCS cycle (Section 5.1). Following iterations of creation, implementation, and identification of challenges (sections 5.1–5.3), we have developed a conceptual framework that relates key aspects of the MCS authoring process (Figure 2) and the MCS cycle (Dutta, 2020a,b) in the student’s Molecular Storytelling Journey (Figure 4). The students’ journey presents a conceptual framework that can guide MCS authors and users to successfully implement the MCSs. Three key elements of this framework include:

a. An engaging case: The first section of an MCS (Figure 1) and steps 1–4, the blue section of the students’ journey (Figure 4), help set the stage. If students can relate to the MCS characters, context, and conflict presented here, they may be engaged in the molecular explorations.

b. The molecular story: The second and third sections of an MCS (Figure 1), and steps 5–9, the red section (Figure 4), are situated in the molecular realm and provide opportunities to learn how to access data from public data resources, select case-relevant molecules, visualize their structures, examine interactions, and explain their functions. In doing so, students learn more about the molecular characters, context, conflict, and the connections between them. With practice, students can gain confidence in using these tools and resources for projects beyond the MCS.

c. Connecting worlds: The last section of an MCS, and steps 10–12, the green section of the student’s journey (Figure 4), focus on building connections between the macroscopic and molecular worlds. Here students have the opportunity to understand the importance of structure–function discussions in addressing real-world challenges.

Observing Molecular CaseNet faculty as they engaged in authoring, implementing, publishing, and using MCSs allowed us to develop a foundation for examining how by developing MCSs (and using them to engage students in molecular storytelling), educators can explore and teach about biomolecular structural and bioinformatics data to further interdisciplinary teaching, learning, and scholarship.





6 Situating the MCS conceptual framework within TPCK

To teach effectively, educators need to fully integrate their TPCK. As we progressed through iterative phases of authoring, implementing, and revising MCSs (described in the above sections), the representation, field testing, and redesign of the educators’ TPCK needs were also addressed (Trujillo et al., 2016b). Herein we review the various phases in developing the conceptual framework for authoring and using MCSs with a TPCK lens.

In phase 1, educators used the MCS cycle to guide both the authoring and implementation of MCSs. When authoring an MCS, they identified a molecule relevant to a lesson in their course (CK), created a hook (interesting story related to the topic) for the case study (PK), and included molecular visualization tools to explore the structures (TK). We supported the educators as they authored these molecule-centered case studies (PCK). However, educators who implemented the MCSs lacked some of the foundational concepts in structural biology and case topic-related disciplinary knowledge (CK). They also had limited awareness of bioinformatics data resources and their disciplinary implications in the MCSs (TCK). For some educators, these challenges reduced their confidence in effectively implementing MCSs in their classrooms (TPCK). Following initial implementations, the Molecular CaseNet members collectively addressed gaps by developing instructions and video tutorials for using some of the technological tools (TK, TPK), short concept-focused lessons (CK, PCK), and other materials to support the diverse disciplinary backgrounds of our participants (CK). Additionally, professional development workshops were hosted with experts to support general and case-specific integration of visualization tools and bioinformatics resources (TK, TPK, TCK, TPCK).

In phase 2, once the basic structure and process for authoring MCSs were in place, we focused on expanding our MCS collection. We set out to develop case studies that could be used in diverse disciplinary courses and cover a variety of professional society learning goals (CK, PCK, TPCK). In this phase, many educators set up collaborations to author MCSs (TPCK through collaborations) - they found other educators with complementary and multidisciplinary expertise (CK, PCK) or those with experience in using a variety of molecular visualization and bioinformatics tools (TK, TCK). We also saw the beginnings of sharing knowledge through peer partnerships and mentorship for newer members of the CaseNet community. A small group of Molecular CaseNet educators collaboratively developed detailed instructions for the complete publication pipeline (including authoring, piloting, revising, submitting, and reviewing MCSs, TPCK). Implementation of MCSs in this phase identified challenges that students were facing in understanding the relationships between different types of data (CK), how to access them (TK), and use them in the context of the case study (TPCK). In response, the Box of Lessons, a collection of curricular materials, was collaboratively developed by CaseNet members, piloted, and published (All TPCK).

In phase 3, our recent focus has been to improve the narrative structure of MCSs (PCK, TPK). We defined key story elements (characters, context, conflicts, and connections) at the level of the molecular story (CK, PCK) and also for MCS (All TPCK). By mapping the investigative journey in the MCS to the Hero’s Journey, we developed a road map for guiding student discussions across scales, i.e., in the macroscopic and molecular worlds (TPCK). As new MCSs are authored using the student’s journey framework and implemented in classrooms, we will monitor if all the challenge points identified in previous sections have been addressed using this framework.



7 Discussion


7.1 Summary

The goal of this project is to engage students in actively visualizing and analyzing biomolecular structures, exploring bioinformatics data resources, and participating in structure–function discussions about authentic topics at the interface of biology and chemistry. We chose case studies as the pedagogical approach for attaining this goal and developed molecular case studies (MCSs). We began by defining the requirements for MCSs, and through a process of collaborative creation, testing, and refinement, we developed a conceptual framework for authoring and using MCSs. In addition to describing the key components, we present operational definitions for molecular stories and storytelling in the context of MCSs. This report describes the products (MCSs) of this effort and the process for developing the conceptual framework.

As we collaborated in authoring, implementing, and revising the MCSs, we noted that the participating post-secondary educators teaching various disciplines (biology, chemistry, biochemistry, microbiology, etc.) had different levels of knowledge, experience, and confidence in teaching with and about biomolecular structure and function. We noted that through our discussions identifying and addressing challenges in developing and using MCSs, it was important to pay attention to the TPCK (Figure 1, Koehler and Mishra, 2009) of the people (faculty) involved. By creating the MCS products and process for developing and using them, we have constructed a framework for assessing how participating in Molecular CaseNet activities can shift educators’ TPCK.



7.2 Contributions

The main contributions described in this report are organized into three categories: products, processes, and people.


7.2.1 Products

The scientific literature is full of papers describing stories of molecular structures and their functions. Many molecular stories have also been told for teaching and learning (Marcey, 2011; Prilusky et al., 2011; Goodsell et al., 2015). So neither molecular storytelling nor the incorporation of molecular visualizations in education is an original idea. However, the operational definitions connecting molecular stories and storytelling in the context of MCSs are novel. Educators can use the conceptual framework described here to author and use MCSs to advance interdisciplinary teaching and learning. Moreover, MCSs present low-stakes, guided opportunities to explore public data resources that experts routinely use. Thus, in addition to providing students with a molecular understanding of the topic and introducing them to new technologies, data, and tools to use them, MCSs also motivate students to practice the scientific process of identifying relevant data and integrating multidisciplinary information to derive new knowledge.



7.2.2 Processes

Most textbooks and lessons exploring molecular structures introduce students to structure–function discussions about a limited set of well-studied molecules such as lysozyme, hemoglobin, and chymotrypsin. MCSs present opportunities to examine a broad range of topics in molecular detail and gain new insights and knowledge about the course theme. Additionally, these open education resources are modular and adaptable, enabling educators to customize MCSs to meet their specific curricular needs.

Besides MCSs, a number of supporting resources, such as short tutorials for using tools, videos to learn key concepts, and practice worksheets, were developed as a part of Molecular CaseNet activities. This was facilitated by discussions as part of the online faculty mentoring networks hosted on the QUBES platform.



7.2.3 People

The work described here primarily involves post-secondary educators authoring and using MCSs. Currently, more than a dozen MCSs are in various stages of completion. Immediate benefits to participating faculty include access to the collection of MCSs on diverse topics. In addition, connections to a community of peers using and developing MCSs have allowed participating faculty options to independently or collaboratively author new MCSs focused on a topic of interest. As part of the Molecular CaseNet activities, participating educators have availed and also presented a number of professional development opportunities. For example, some educators have established collaborations across disciplines, geography, and expertise on projects beyond authoring MCSs. Others have engaged their students in developing MCSs (e.g., Riley et al., 2021) or materials for the Box of Lessons. Through these efforts, faculty have produced publications and developed resources that facilitate their career growth and further interdisciplinary teaching, learning, and scholarship.

For students, the MCSs position them as the protagonists of their learning, engaging in real-world examples, using authentic data resources, learning key concepts and skills in biology, chemistry, and related sciences, and doing what researchers would do as they practice science. Based on previous studies, we anticipate that students exploring case studies build their representational competency and molecular explanations, an area known to be difficult (Tibell and Rundgren, 2010). The MCS narratives activate Johnstone’s triangle by guiding students to integrate their understanding of the macroscopic and atomic events through domain-appropriate representations (see Supplementary materials; Petillion and McNeil, 2020). Additionally, the purposeful engagement to use data, molecular visualizations, and bioinformatics practices in specific contexts aligns closely with the parts molecular life scientists and students include in their explanations (Trujillo et al., 2015, 2016a; Jeffery et al., 2018). The ultimate goal of Molecular CaseNet is to improve learners’ understanding of the molecular world.




7.3 Considerations

The modular structure of MCSs offers flexibility but places the responsibility on the implementing faculty to invest some time in preparing for and adapting it for desired learning goals and alignment with their specific course and curriculum. This report proposes a conceptual framework for developing and using MCSs derived from the previous literature and through an iterative model development process (Trujillo et al., 2016b). While the molecular story and storytelling components seem to be logically organized and complementary within the MCSs, their impact on implementation and student learning is yet to be validated empirically. We hypothesize that chemistry and biology educators using or authoring MCSs in the classroom will produce evidence of integrated TPCK as their knowledge related to teaching biomolecular structural and bioinformatics data increases. A report that includes data to test our hypothesis and validate a model for TPCK development through molecular storytelling is forthcoming.

In most published cases, the student’s experiences in molecular storytelling map well to the Hero’s Journey. However, we encountered a few case studies where the transitions between the macroscopic and molecular worlds did not answer the research question asked. For example, this may happen when the structure of the protein of interest has not yet been determined. The student taking the molecular storytelling journey can respond to this situation by looking for highly similar structures of homologous proteins and exploring them to try and answer the research question. These events closely matched another type of story structure, a plot-point narrative, with multiple rising actions and resolutions along the journey. We would argue that changing research questions or data sources due to a lack of reliable information is an authentic science practice compatible with MCSs, and a wonderful way to encourage students to discuss the nature of research and the process that scientists use to push the frontiers of knowledge.




8 Conclusion and future outlook

The molecular stories contribute an interdisciplinary perspective of the biomolecular world that aids educators in teaching structure–function relationships through engaging case studies. Placing educators and students as heroes and storytellers allows them to build connections and approach biomolecules as a journey of discovery. Doing so provides opportunities to bring online biomolecular data and platforms into the classroom.

Engagement with technology is essential but often not the central priority in many current interdisciplinary learning environments. While the specific tools and technology (e.g., molecular visualization tool) may evolve, the emphasis here is on practicing to take on the journey. The Molecular Storytelling Journey depicts active learning with a purpose. The student’s journey crosses boundaries between macroscopic and molecular worlds to seek a deep understanding of molecular structure–function relationships and their observable phenotypes. As students return from their molecular world adventure, they bring back new insights to share - both as the students and as a new molecular storyteller.

The conceptual framework presented gives us a way to test the impact that molecular storytelling and MCSs have on TPCK. Each of the anticipated TPCK changes could be measured through interviews, surveys, the produced lesson designs, their practices in the classrooms, and the success of their students. As a learning theory that could aid interpretation, social constructivism (Amineh and Asl, 2015) holds that knowledge develops through social activities like collaborations and shared language development. It will help explain the process of TPCK development to understand how Molecular CaseNet collaborations impacted faculty. Well-developed TPCK will also support student growth in engaging and exploring the invisible living world.

Looking ahead, we intend to increase the number of CaseNet program participants, MCSs, and supporting educational resources to successfully implement the MCSs. We invite interested educators to connect with us and join our group. The eventual goal is to assess the impact of MCSs on student learning of the disciplinary concepts and processes of science. It is important to understand how the MCSs are being effectively developed and implemented in various curricular settings.
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Content area aming goals with select examples

iochemistry and molecular ASBMB Foundational concepts (Zeidan et al,, 2021)

biology + Structure and function
o Structureis determined by several factors
o Structure and function are related
o The structure (and hence function) of macromolecules is governed by foundational principles of chemistry and physics

o Anvariety of experimental and computational approaches can be used to observe and quantitatively measure the structure, dynamics, and

function of biological macromolecules
« Scientific skills
o Accessing, comprehending, and communicating science
Biology BioCore guide (Brownell etal,, 2014)
« The three-dimensional structure of a molecule and its subcellular localization impact ts function, including its ability to catalyze

reactions o interact with other molecules.

Macromolecular, Supramolecular, and Nanoscale (MSN) Systems in the Curriculum (American Chemical Society Committee on

Professional Training, 2019)

Structure,stabilizing factors, folding and biosynthesis of key biopolymers including proteins, carbohydrates, cellulose, RNA, and DNA

Influence of molecular bonding on structure and properties (carbohydrates vs. cellulose, crosslinking of lignin, DNA, etc.)

Impact of intramolecular interactions on protein structure, folding, influence on biological function

Intermolecular interactions of biopolymers and influence of polymer primary, secondary, and tertiary structure (DNA, RNA,

proteins, etc)

NIBLSI informatics Core Competencies (Wilson Sayres et al., 2018)
+ C#: Use bioinformatic tools to examine complex biological problems.
+ C5: Find, retrieve, and organize various types of biological data.

+ C6: Explore and/or model biological interactions, networks, and data integration using bioinformatics
Molecular visualization BioMolViz Framework (Dries et al., 2017)
« AR: Rendering of a macromolecular structure such as a protein or nucleic acid structure i various ways, from the simplest possible way

(connections between alpha carbons) to the illustration of secondary structure (ribbons) to surface rendering and space-filling.

CA: Ability to build macromolecular models, either physical or computerized, and, where possible, add commentary, either written or

verbal,to tell a molecular story.

MA: Polypeptides, oligosaccharides, and nucleic acid and lipid superstructures (e.g., protein-nucleic acid complexes, lipid membrane-

associated proteins).

MB: Recognition of native amino acids, nucleotides, sugars, and other biomonomer units/building blocks. Understanding of their
physical and chemical properties, particularly regarding functional groups.
« MI: Covalent and noncovalent bonding governing ligand binding and subunit-subunit interactions.

« SE: Active/binding sites, microenvironments, nucleophiles, redox centers, etc.

A sample of goals that are covered by most molecular case studies are also shown as bulleted points.
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Molecular story

Only biomolecules playing key roles in the story or primary
characters

Binding partners and molecules interacting with the primary
molecular characters are included. The secondary characters
may have indirect relevance.

‘The environment (e.g. inside or outside the cell, pH)

influences interactions of the molecular characters.

‘The source of molecular data, type or experimental method,
and assumptions about the molecular context being
examined considered

Changes in molecular shape and interactions facilitate ts

functions. Mutations may alter normal functions.

Detailed discussion and comparison of structures to show.

how specific interactions impact functions

Connect molecular features and interactions to functions.

Interconnected molecular stories can help learn more about

the molecule - e.g., binding constants, rate of reactions.

Molecular case study

Individual or group experiencing or narrating a specific biological or

chemical circumstance, phenomenon, or event.

Relationship to relevant molecules must be determined from the

literature and other data resources.

The specific biological or chemical circumstance relevant to the

molecular case study explicitly presented

Discipline and method-specific details considered for inferring case

study context and its implications

An observable challenge or conflict presented by the molecular case
study subject. It helps define a research question. Relationships with

molecular characters are explicitly defined.

Parameters of the conflct presented in the molecular case study and
the relationship with molecular characters must be determined from
the lterature and other data resources,

Explain macroscopic observations in molecular detail and answer
research questions.

Design new features or molecules to solve the case study problem.
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The Hero's journey related to the student’s

molecular storytelling journey

Ordinary world

Introduction of a unique case in the macroscopic world

Call to adventure:

First, suggestion of molecular causes and articulation of the research
question

Refiusal o the call:

Need and desire to learn key disciplinary concepts and data analysis/
visualization skills

Meeting with the mentor:

Begin practice and mastery with videos, lessons, topic discussions and
practice worksheets

Crossing of the threshold:

Entry into the molecular realm to find first molecular structures, explore

nformatics resources and information relevant to the case context
Tests, allies, and enemics:

Identify specific molecular structures (from PDB, AlphaFold, etc.), detailed
information from bioinformatics resources such as mutations, gene
annotations, sequence alignments, functional categorization, etc., and
overcoming barriers and missing information.

Approach to the innermost cave:

‘Analysis begins by visualizing the structures identified and mapping
information from bioinformatics resources to structures

The ordeal:

Analyzing and interpreting data visualized and analyzed to identify
molecular structural details supporting its function

The reward:

Relating molecular structure and function relationship

The road back:

Relating molecular structure and function to the research question(s) of
the MCS

The resurrection or awakening:

Explaining how specific changes in molecular structure and function can
help answer the rescarch question

“The return with the lixir:

Apply new knowledge to design possible ways to address the case or

understand a related problem.

Pedagogical relevance

Macroscopic world

Present an authentic context for learning knowledge and skills

Articulate a case-theme-related, specific research question for interdisciplinary
exploration in molecular detail

Create a learning environment that motivates students

“Teach disciplinary concepts and bioinformatics skills that will prepare them to
engage the tools

Assure guidance

Molecular world

Active exploration of biomolecular structures and various bioinformatics data,

tools, and resources.
Practice a detailed visualization, analysis and mapping information

Provide clear expectations of the depth, image or knowledge required

for success

Provide limited guidance for going deeper into the investigation down to the

detailed properties and interactions of the molecular character

Prioritize structure and function perspectives

Connected world

Synthesize knowledge by combining gathered information and mapping them
onto relevant molecular structures

Support integration of knowledge across disciplines

Connect structure and function relationships to case, relating macroscopic
events to the molecules

Return to initial issues or raise new one in a similar or related contexts that

requires transfer

Column 1 shows a mapping of the name of the Hero's Journey steps (in talics) to the activties in the students journey in a molecular cas study, while column 2 lss the broader pedagogical

relevance of each.
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