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ABSTRACT

In an increasingly complex world, it is imperative that undergraduate science courses
prepare students to make confident, informed decisions and predictions. The research
presented in this thesis focuses on supporting students to engage in mechanistic reasoning
(MR) about phenomena in chemistry and biology (that is, thinking about how and why these
phenomena occur). Using a resources perspective of student knowledge construction, |
investigated and characterized explanations for two phenomena: (1) preferential protein-ligand
binding, leveraging ideas about electrostatic forces and interactions; and (2) ATP-driven
coupled reactions, leveraging ideas about energy, reactivity, and favorability.

We collected and analyzed over a thousand student responses for the protein-ligand
binding task, a previously developed task that elicits productive student ideas and MR as a
thinking strategy. Students across chemistry and biology courses engaged in MR to varying
extents, but the responses that were fully mechanistic nearly always correlated with a correct
prediction, suggesting the predictive power of this reasoning strategy. With a large selection of
responses and access to demographic characteristics, | then calculated an ordinal regression
model to determine if GPA, race/ethnicity, and/or binary gender predicted student engagement
in MR. Binary gender identification did not contribute as a predictor; however, students with a
higher GPA had significantly higher odds of engaging fully in MR, and being White (compared to
Non-White), to a lesser extent than GPA, also resulted in higher odds of engaging fully in MR.

In subsequent studies, | investigated student and instructor understandings of the role
of ATP, an integral biological molecule that is directly related to energy, a core idea in both

chemistry and biology, suggesting another opportunity for interdisciplinary learning. Due to the



widespread misconception that breaking bonds releases energy, which is frequently associated
with language about the “high-energy bond(s)” in ATP, we aimed to uncover a more coherent,
mechanistic way of talking about ATP. To do this, we first interviewed a range of chemistry,
biology, and biochemistry faculty to learn how they explain and teach the mechanism by which
ATP provides energy. The findings from this study informed my final study, in which we
designed a task that supports students’ understanding of the mechanism by which ATP drives
the unfavorable formation of glutamine from glutamate and ammonium. We focus specifically
on the role of ATP in transferring a phosphoryl group to create a reactive intermediate,
avoiding the common, yet irrelevant, ideas about ATP hydrolysis and bond energy. After
working through this task, both molecular biology and organic chemistry students included
more mechanistic resources in their final explanations about the role of ATP, suggesting the
potential of formative tasks as learning opportunities for students to advance and refine their
productive resources.

The findings from these four studies point to the challenge, but importance, of
incorporating MR into undergraduate science courses. Leveraging interdisciplinary thinking and
MR are ways to support making informed decisions as citizens; for example, reasoning about
how and why vaccines prevent the spread of infectious diseases, among other reasoning
strategies (e.g., social and historical), can support one to make an informed choice. Further,
many of the students we serve are pre-health majors, meaning they will pursue careers which
often require deep reasoning and understanding about how or why symptoms occur, potential
side effects of treatments, and how to appropriately address challenging decisions. MR is an

important tool for certain contexts to ultimately help them do this.
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Chapter | — Introduction

Undergraduate STEM courses are tasked with preparing students to become active
citizens in an increasingly complex world. Thus, it is the responsibility of instructors and
institutions to support these students in thinking and reasoning deeply about carefully chosen
phenomena, so that they can make informed and productive
decisions/predictions/explanations in their everyday lives.

Contributing productively to our complex world includes tackling local and global
challenges, such as climate change and sustainability, which requires the integration of
knowledge across disciplines. That is, an idea more relevant to one discipline might be integral
to a decision being made in another discipline. For example, advances in polymer chemistry can
have profound effects on improved environmental systems, or a deep understanding of
electrostatic forces and interactions can inform predictions/decisions about the effectiveness of
vaccinations. The skill of thinking across (often siloed) disciplines involves using and applying
prior knowledge to novel situations, something that is implicitly expected for students enrolled
in requisite courses (i.e., ideas learned in general chemistry, a pre- or co-requisite for many
upper-level STEM courses, should be used and advanced in biology). In this thesis, | emphasize
the importance of interdisciplinary learning in both research design and instructional
implications. By interdisciplinary, which is often conflated with multidisciplinary or
transdisciplinary, | mean the integration or overlap of ideas across disciplines (chemistry and
biology) which can be used to explain or predict the occurrence of some phenomena.

Connecting across disciplines (i.e., interdisciplinary learning/thinking) can be supported

by the thinking strategy of mechanistic reasoning, which requires connecting entities and their



activities to explain or predict a target phenomenon®™. This thinking strategy, explained further
in Chapter I, is essential to scientific disciplines and, when paired with interdisciplinary
thinking, may result in powerful and informed decisions, predictions, and/or investigations
about the world. While there are several productive scientific reasoning strategies (e.g.,
mathematical, probabilistic, systems thinking)®, my thesis work focuses specifically on
supporting students to reason mechanistically about interdisciplinary phenomena. By focusing
on this specific reasoning strategy, | could more carefully design assessments to elicit this type
of thinking and characterize student explanations based on an understanding of this type of
thinking.

To support students as they develop and refine this thinking strategy (or epistemic
heuristic), it is imperative that we provide opportunities for them to practice, without penalty,
in their undergraduate courses. | have narrowed these broader goals by designing instructional
materials, and corresponding rubrics, that engage students in mechanistic reasoning about
phenomena that carry relevance in, and leverage ideas from, both chemistry and biology: (1)
preferential protein-ligand binding and (2) ATP-driven coupled reactions. Through analysis of
students’ written explanations and instructor interviews, this work provides implications for the
challenges of mechanistic reasoning as well as instructional tools and implications to mitigate
these challenges.

Finally, there is limited work showing whether and how mechanistic reasoning tasks
relate to equity in the classroom. Ralph et al. (2022) showed that exams emphasizing
mechanistic reasoning assessment items predict more equitable student outcomes in general

chemistry courses’. Further, curricula designed to emphasize mechanistic reasoning (through



three-dimensional learning) result in more students receiving a passing grade in “gateway”
courses, which often inhibit historically marginalized students from pursuing STEM degrees?.
While limited, this literature suggests that a focus on mechanistic reasoning may be an
equitable practice; however, additional evidence should be uncovered to learn more about the
interplay between mechanistic reasoning and equity. A step in this direction involves
disaggregating student data to reflect on instructional practices/materials and their impact(s)
on all students, which | have done in my second study.

The following sections provide a brief summary of the four studies that | conducted for
my thesis work. Each of these studies contributes to an understanding of mechanistic reasoning
and interdisciplinary learning in the context of undergraduate chemistry and biology courses. |
use both quantitative and qualitative research methods to explore and characterize students’
written explanations and instructors’ discussions about phenomena that bridge between the

disciplines of chemistry and biology.
Summary Of Study Goals And Research Questions

Study 1: Student Engagement In CMR About Protein-Ligand Binding
In the first study, we were interested in how students across a range of undergraduate
chemistry and biology courses engaged in causal mechanistic reasoning (CMR) about
preferential protein-ligand binding, an interdisciplinary phenomenon that can be explained
using chemistry and biology ideas. We used a carefully designed coding scheme to characterize
responses as non-casual mechanistic (CM), partially CM, or fully CM based on the presence or
absence of three key ideas in students’ explanations: the attraction of oppositely charged

species, the negative/polar nature of atoms or amino acids in binding site(s), and the strength



of attraction as impacted by magnitude of charge. This study addressed the following three
research questions:
1. How do students in chemistry and biology courses engage in causal mechanistic
reasoning in the context of protein-ligand binding?
2. What conceptual resources do students enrolled in chemistry and biology
courses use when explaining this phenomenon?

3. How does engagement in CMR relate to students’ overall predictions?

Study 2: How Do Different Groups Of Students Engage In CMR About Protein-Ligand Binding?
In the second study, | used ordinal regression analysis to identify variables that predict,
or do not predict, student engagement in CMR for the protein-ligand binding task. We coded an
additional 800+ student responses to appropriately compare engagement in CMR based on
(binary) gender identification and race/ethnicity, with GPA as a covariate. There is limited work
showing whether mechanistic reasoning tasks (of which there are few) are equitable. Here, we
compared student engagement in CMR based on two demographic variables (gender and
race/ethnicity) to add to this literature base. The study addresses the following research
questions:
1. How do males and females compare in their engagement in CMR about protein-
ligand binding?
2. How do White students compare to Non-White students in their engagement in
CMR about protein-ligand binding?
3. To what extent do cumulative GPA, (binary) gender, and race/ethnicity predict

student engagement in CMR?



Study 3: Instructor Explanations For The Mechanism By Which ATP Drives Unfavorable
Processes
In the third study, we interviewed 15 instructors across chemistry, biology, and

biochemistry disciplines to explore how they think and teach about the mechanism(s) by which
ATP provides energy. This phenomenon was chosen because of the well-documented
misconception that breaking bonds releases energy (frequently associated with the role of ATP
in biological systems), when, in fact, the opposite is true. In order to better understand the role
of ATP and how to support instructors in teaching this role, we used a semi-structured
interview protocol to discuss these ideas with a range of chemistry, biology, and biochemistry
faculty. The analyses and results are driven by three research questions:

1. What ideas did instructors leverage when discussing ATP?

2. In what ways do instructors use these ideas to discuss how ATP drives

unfavorable processes?
3. What teaching experiences did molecular biology (MB) instructors share

regarding ATP in their course(s)?

Study 4: Investigating The Impact Of A Learning Task On Students’ Use Of Mechanistic
Resources When Explaining A Complex Phenomenon
In the final study, we leveraged themes from the instructor interviews to design and
administer a learning task aimed to support students’ mechanistic understanding of the role of
ATP in driving unfavorable reactions. The task includes both an initial and final question
prompting students to explain how ATP drives the formation of glutamine from glutamate and

ammonium, allowing us to investigate the impact of the task on student use of mechanistic



resources. We administered the task to both Molecular Biology and Organic Chemistry students
in order to support our interdisciplinary efforts. After developing and refining a coding scheme,
we characterized the student explanations and answered the following research questions:
1. How do students explain the role of ATP in driving the unfavorable formation of
glutamine from glutamate and ammonium?
2. What is the impact of the task on students’ use of mechanistic resources when
explaining this phenomenon?
3. How do Molecular Biology student explanations compare to Organic Chemistry

student explanations for this phenomenon?
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Chapter Il — Theoretical Considerations
The culmination of my work is not only a result of the data itself, but also the theoretical
frameworks which influenced how | chose to collect the data, how | analyzed the data, and the
resulting synthesis and report of the data. My perception of how people learn and what they

should learn stands firmly upon a few complementary theories, each of which | describe below.

How People Learn — Constructivism And Resources

Several works have been published regarding how people learn, notably the books How
People Learn | and II*?, and in recent decades, education researchers have widely accepted a
constructivist theory of knowledge, which builds on renown psychologist Jean Piaget’s theory of
cognitive development3. According to Piaget, humans construct knowledge (or make meaning)
by integrating new information with their prior experiences and ideas. In 1986, George Bodner
published an article that applied Piaget’s theory to the chemistry classroom, initiating the
constructivist perspective of learning in the chemistry education community#. This
understanding of how people learn, which is based on learners constructing their knowledge
frameworks by integrating new knowledge with prior knowledge, is in contrast to that of a
coherence perspective, in which knowledge is perceived as more connected, coherent units
which can be added or replaced by more expert-like ideas*>, or that the integration of new
information is done in particular ways®. My work relies on the constructivist perspective and,
more specifically, Hammer’s description of “resources” in the context of this perspective.” 10
According to Hammer (2000), resources represent fine-grained conceptual or epistemological
knowledge elements that are connected or disconnected in a dynamic knowledge framework?.

These resources, given their dynamic and context-dependent nature, are activated according to

8



different situations depending on (1) the connections that exist in a student’s mind, and (2) the
context in which the student or phenomenon is situated®. For example, the terms “donor” and
“acceptor” in an organic chemistry class typically refer to Lewis acids and bases, with the
“donor” being the molecule donating a pair of electrons and the “acceptor” accepting those
electrons; however, in a biochemistry class “donors” and “acceptors” may be discussed in the
context of hydrogen bond donors and acceptors, in which case the donor is the molecule with
the hydrogen, while the “acceptor” is the molecule with a set of lone pairs participating in that
H-bond. Therefore, the class (context) in which a student is situated would likely activate the
“donor” definition that is most relevant to the class.

With this perspective, rather than knowledge being perceived as intact, stable
conceptions which are either correct or incorrect one can think about conceptions as a network
of resources which might be connected in productive or unproductive ways’. This theoretical
framework allows for a mechanism of knowledge construction (refinement, development,
conceptual change, etc.) which is in contrast with the idea that incorrect conceptions should be
removed and replaced by correct or expert-like conceptions.

Hammer’s resources perspective is also applicable in the realm of knowledge
“transfer”?, a term used less frequently as there is no evidence of full “transfer” of ideas to
exist. As educators, we hope to provide students with knowledge and tools that they can apply
to (or activate in) new contexts®. This is particularly true for requisite courses, in which an
understanding of new contexts (i.e., systems or phenomena) relies on previous knowledge. For
example, to enroll in molecular biology, students often need general chemistry as a pre- or co-

requisite, suggesting and promoting the potential of knowledge transfer. Rather than



transferring stable conceptions, however, Hammer considers resources being activated in new
contexts, allowing for further refinement and organization of students’ knowledge structures.

Developing canonical conceptions is not trivial, and it is the job of the educator to set students
up so that resources can be activated in a variety of contexts, allowing for deep and meaningful

connections of ideas.

What Should Students Know And Be Able To Do?

The constructivist/resources theory of cognition that | use provides information
regarding how students learn; however, my work is also informed by frameworks considering
what students should learn. That is, in science education, what do we want students to know

and be able to do?

Three-Dimensional Learning

In 2012, the National Academies published a consensus report on a Framework for K-12
Education (hereon referred to as the Framework), which outlined three dimensions of learning:
disciplinary core ideas, crosscutting concepts, and scientific and engineering practices!. Several
works since 2012 have furthered our community’s understanding of these three dimensions
and how they can be put into practice, including works that have applied the Framework to
post-secondary education. For example, Cooper et al. (2013) developed a general chemistry
curriculum that leverages three-dimensional learning — Chemistry, Life, the Universe and
Everything (CLUE)*2. This curriculum has more recently been continued with organic chemistry
(OCLUE)*3. There is evidence that these curricula provide opportunities for students to engage

in 3DL via course assignments, recitation activities, and assessments#%5,
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Prior to publication of the Framework, the American Association for the Advancement
of Science (AAAS) published a call to action for undergraduate biology education called Vision
and Change'®. Similar to the Framework and CLUE, Vision and Change emphasizes “core
concepts” that should be included across all undergraduate biology curricula. Unlike CLUE,
however, Vision and Change does not specifically leverage 3DL. My work focuses on core ideas
outlined by CLUE and Vision and Change (structure-property relationships and energy); two
cross-cutting concepts (energy and cause and effect: mechanism and explanation); and the
scientific practice constructing explanations. Note the overlap in some areas, for example

energy is considered both a core idea and a cross-cutting concept.

Mechanistic Reasoning

Mechanistic reasoning (MR) about scientific phenomena, or reasoning about how and
why phenomena occur, is a powerful explanatory and predictive tool. Engaging in this type of
reasoning during instruction provides students the opportunity to engage in 3DL because it
involves the crosscutting concept of cause and effect, the practice of constructing explanations,
and typically leverages a core idea depending on the phenomenon under consideration. The
education community clearly values MR; however, without a doubt, the science community
also values this type of reasoning (and investigation). | searched the term “mechanism” in both
Science and Nature, to find 10,000+ and 366,603 hits, respectively.

MR (or the thinking strategy involved in constructing a mechanistic
explanation/prediction) has been defined by several researchers, all of whom agree on the
importance of (1) entities, (2) “activities” of those entities, and (3) linking these ideas to the

phenomenon under consideration’~2%, For example, my initial research relied on an
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understanding of Krist et al.’s framework for MR (2018) (a modified version of that outlined by
Russ et al. (2008)), which they describe as an epistemic resource, or thinking strategy, involving
three heuristics. According to this framework, the first step requires considering entities at the
scalar level below that of the target phenomenon; the second step involves “unpacking” the
behaviors/properties of entities at that lower scalar level; and the third step requires linking
those lower-level interactions and behaviors to the target phenomenon. These steps are

illustrated in Figure 2.1.

Scalar Level A Step 3:
Step 1:
. 4 ” (Phenomenon) Connect how the lower level
Consider the “level below : : : ;

h h interactions and behaviors give
the target phenomenon. Scalar Level B rise to the target phenomenon.

(Mechanism)

Step 2:
Identify and unpack factors at the lower
scalar level.

Figure 2.1. Krist et al.’s (2018) essential epistemic heuristics for mechanistic reasoning.®

While the authors developed this MR framework with K-12 education in mind, its utility
transfers to undergraduate education as well. Consider a “mechanistic explanation” for what
happens (and how/why it happens) when two neutral atoms approach each other. As the two
atoms approach each other, one of them experiences an instantaneous dipole, that is, the
electron density is randomly increased on one end of the atom. This dipole induces a dipole in
the other atom, because the partially negative end of the first atom repels the electrons of the
second atom, pushing its electron density to the opposite end. The opposite partial charges of

each dipole attract each other, and the result is a weak, but stable, interaction (a London-
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dispersion force). Noyes et al. (2019) examined general chemistry students’ explanations of this
phenomenon, characterizing the explanations using an understanding of the frameworks
proposed by Russ et al. (2008) and Krist et al. (2018), each of which identifies the importance of
the lower scalar level (in this case, the subatomic level) and the activities/changes that occur at
this leve|*>1820,

These MR frameworks can be implemented for a variety of simple scientific
phenomena; however, many biological phenomena are complex and multi-scalar, spanning
from the microscopic/genetic levels to entire ecosystems. This poses a challenging question: if
there are multiple scalar levels below that of the target phenomenon, how “deep” does one
need to go in order to construct a fully mechanistic explanation? And in what context (e.g., to
satisfy an exam question, to predict what might happen in a particular context)? A more recent
approach to this question involves the recognition and use of explanatory black boxes, or
“mechanisms within mechanisms”. Haskel-Ittah (2023) called for increased attention on
explanatory black boxes in science education, particularly to help students avoid an “illusion of
explanatory depth, or the sense that one understands causally complex phenomena more
deeply than one really does”??. My work has progressed into helping students construct
explanations for more complex phenomena, thereby increasing the importance of explanatory

black boxes.

Equity And Justice-Oriented Research

In 2022, The Boyer 2030 Commission published a report emphasizing “the equity-
excellence imperative”, calling on institutions to put both equity and excellence at the forefront

of undergraduate education?3. The commission argues that equity and excellence are
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intertwined, that you cannot have one without the other, and it is imperative that evidence-
based practices to support historically marginalized students should be implemented alongside
practices that engage students in deep learning opportunities and experiences. While
discipline-based education research (DBER) is defined as “an empirical approach to
investigating learning and teaching that is informed by an expert understanding of [STEM]
disciplinary knowledge and practice”?4, engaging in this research should also be informed by
equity and justice-oriented approaches in order to best serve both teachers and learners. There
is evidence that certain instructional practices/norms are more equitable than others — for
example, grading on a curve disproportionately favors the majority, often “weeding out”
historically marginalized students?. As educators, we must create spaces for all students to
succeed, and the types of assessments we use can serve as a means by which to achieve more
equitable outcomes. Further, the assessments we use send a strong message to students about
what is valued in the course or discipline?®. Mechanistic reasoning tasks require students to
draw and/or explain phenomena and may serve as equitable tasks that provide reliable
evidence of what students know and can do. It has been shown that the use of three-
dimensional assessments (that is, those that provide the opportunity for students to engage in
three-dimensional learning, such as mechanistic reasoning) result in increased student success
regardless of background®>2728, Ralph et al. (2022) showed that assessments with more
mechanistic reasoning items than those that require calculations or rote memorization result in
more equitable outcomes for all students, specifically Black and Latinx students?®. Using these

approaches, | have dedicated a chapter to disaggregating student data in order to critically
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investigate whether the task and analysis | conducted are equitable across race/ethnicity and

binary gender identification.
Summary Of Theoretical Framework And Application To My Work

Unfortunately, there is evidence that some students see chemistry and biology courses
as disconnected?. That is, they know what they need to say in chemistry and what they need to
say in biology, even if the information is seemingly contradictory. In my research, | have used
Hammer’s resources perspective as a tool for both developing assessments and analyzing
student responses, ultimately with the goal of helping students build connections across these
disciplines. Specifically, | focused on student engagement in mechanistic reasoning in the
context of biochemical phenomena including (1) preferential protein-ligand binding and (2)
reaction coupling via ATP in common biological processes. With an emphasis on a resources-
perspective of learning, my work has shown that engaging in MR leads to more correct
predictions in the context of protein-ligand binding. This finding, along with student difficulties
in connecting ideas about energy between chemistry and biology, led to my investigation of the
mechanism by which ATP is used as an energy source. In this pursuit, | (and a colleague)
interviewed faculty from chemistry, biology, and biochemistry to develop a picture of
instructors’ understanding of the mechanism, resources they use in explaining the mechanism,
and instructional strategies used when teaching about ATP as an energy source. The rich
discussions that emerged from these interviews supported my continuation of assessment
development, specifically related to ATP. The resources-perspective of learning becomes
especially apparent when asking students to explain complex phenomena such as how and why

ATP drives the formation of glutamine from glutamate and ammonium. This theory of learning
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paired with a deep understanding of what it means to reason mechanistically about complex
phenomena form the pillars of my research. These two themes have firmly supported my
investigation and analysis of my work, serving as a tightly woven thread by which my
discussions and conclusions are based. Using this theoretical framework, | have aimed to help
students activate and develop their resources associated with “chemistry” (i.e., electrostatic
forces and interactions, and energy), by proposing biological phenomena which can be

explained mechanistically by leveraging those resources.
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Chapter lll — Literature Review
Three-Dimensional Learning In Chemistry And Biology

In the past decade, there has been a push in the science education community to
establish courses that emphasize and value three-dimensional learning (3DL) — as outlined by
the National Research Council’s consensus report (2012) — which calls for the integration of
disciplinary core ideas, crosscutting concepts, and scientific practices?. The disciplinary core
ideas were established for K-12 life science, physical science, earth and space science, and
engineering science?; however, undergraduate educators/researchers have defined core ideas
for chemistry, biology, and physics as well. For example, Cooper et al. (2013) identified four
core ideas for undergraduate chemistry including (1) electrostatic and bonding interactions, (2)
atomic/molecular structure and properties, (3) energy, and (4) change and stability in chemical
systems?. Each of these core ideas is related to the others and can be used to explain or predict
various chemical phenomena?; for example, we can explain how and why the boiling point of
ethanol is higher than that of acetone by leveraging atomic/molecular structure and properties
to identify types of intermolecular interactions (electrostatic and bonding interactions) and,
finally, relate the strength of these interactions to how much energy is required to overcome
the attractive electrostatic forces between molecules. The other two dimensions, crosscutting
concepts and scientific practices, do not depend on the discipline — that is, they span the
sciences and should be incorporated in each. Figure 3.1 displays the three dimensions (with
chemistry core ideas).

Similar to 3DL, but specific for undergraduate biology education, the American

Association for the Advancement of Science (AAAS), published a call to action (Vision and

20



Change) for the use of five core concepts (for example, information flow and transformations of
energy & matter) and six core competencies (for example, the ability to apply the process of

science and use quantitative reasoning) to guide instruction of undergraduate biology courses3.

Developing &
© o Using Models g Patterns I
e Cause & Effect atg{‘;‘d‘é{ﬂ}gﬁ'a

2 . . Scale, Froportion, & Quantity
E“;Z Scientific Systems & System Models
EEL .
::° | Practices Energy & Matter

Structure & Function

Stability & Change

Figure 3.1. The three dimensions of 3DL. Disciplinary core ideas are represented by those
outlined for Undergraduate Chemistry?.

While each of the three dimensions carries significance in science education, | have
aimed to link specific core ideas and crosscutting concepts across chemistry and biology
through the practice of constructing explanations. In particular, my work focuses on two
chemistry core ideas: (1) electrostatic and bonding interactions and (2) energy; two biology
core ideas: (1) structure & function and (2) energy; and three crosscutting concepts: (1) cause
and effect: mechanism and explanation, (2) structure & function, and (3) energy (Figure 3.1).
These core ideas and crosscutting concepts overlap significantly, meaning there should
(theoretically) be several ways in which we can investigate student learning across chemistry
and biology using these themes. For example, the crosscutting concept of structure & function

can be used to explain the phenomenon of protein-ligand binding both in chemistry (when

21



thinking about the types of interactions that cause ligand binding) and in biology (when thinking
about how and why different proteins bind different ligands)*.

Previous work in curriculum design has leveraged three-dimensional learning to
transform undergraduate chemistry and/or biology courses, such as those proposed by Cooper
and Klymkowsky including (Organic) Chemistry, Life, the Universe and Everything ((O)CLUE) and
Biofundamentals®~’. Ample evidence exists for the efficacy of CLUE in helping students to build
a deeper understanding of chemistry (when compared to students in traditional general
chemistry courses) by frequently asking them to construct explanations and model phenomena
(i.e., engage in 3DL)®2. My work draws largely from the impact of courses designed to

implement 3DL, as these courses served as the context for much of my data collection.
Interdisciplinary Learning — Connecting Chemistry And Biology

In tandem with 3DL, there should also be an emphasis on interdisciplinary learning, or
the coordination of ideas across disciplines in approaching scientific challenges. These
challenges include global ones, e.g., mitigating climate change effects, as well as local or
personal, e.g., making predictions or decisions about potential health risks. The term
“interdisciplinary” differs from “multidisciplinary” and “transdisciplinary”, which are often
conflated or poorly defined. By “interdisciplinary”, we mean the coordination or coherence
between two or more disciplines — that is, how the ideas in the disciplines are connected or
complementary. A multidisciplinary perspective involves using ideas that are distinct in
different disciplines (for example, one might take either a historical or artistic approach when
examining a painting®3; transdisciplinary involves “transcending” (going beyond) disciplines or

taking a more holistic approach to develop new perspectives!®. While multiple disciplinarity can
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include each of these dimensions, my research specifically aims to leverage interdisciplinary
learning in supporting students as they build coherency between ideas in chemistry and
biology.

Most undergraduate STEM curricula require introductory chemistry and/or biology
courses as pre- or co-requisites for upper-level courses in these disciplines, implying and
suggesting disciplinary connections; however, these courses typically remain siloed and
disconnected to other disciplines (or even other courses in the same discipline), and there is
limited work investigating how to help students build connections between chemistry and
biology*4-18. Work that has been done includes tasks developed to encourage students to use
chemistry core ideas when explaining biological (or biochemical) phenomena. In one of these
tasks, Martinez et al. (2021) used a scaffolded osmosis activity to help students use their
knowledge of entropy (a critical chemistry idea) to explain osmosis across a cell membrane (a
common biological phenomenon)?’. Similarly, Green et al. (2021) developed an activity linking
energy changes during bond formation and breaking to the phenomenon of ATP coupling as an
opportunity for students to connect ideas across these disciplines, finding via interviews that
students valued this opportunity®>. There are several themes and ideas that carry relevance in
both chemistry and biology, and my work focuses on leveraging two of these to support
students’ mechanistic reasoning about biochemical phenomena: (1) structure, property,

function relationships, and (2) energy.

Structure-Property-Function Relationships
In a chemistry context, structure-property-function (SPF) relationships typically focus on

the link between structure and properties. That is, chemical properties (such as melting point)
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are predicted or explained by considering the chemical structure. In a biology context, SPF
relationships more often involve connecting structure to function. For example, the three-
dimensional structure of a protein will dictate its function by, for example, preferentially
binding to certain ligands over others. These ideas, while related, emerge as a result of the aims
of the discipline and may seem, to a student, unrelated if not explicitly connected. However,
faculty in chemistry and biology agree that these ideas should be connected for students, even
though there are challenges in doing so®. Further, Kohn et al. (2018) interviewed students who
were co-enrolled in introductory chemistry and biology to investigate the big ideas in each
course and the connections (or lack thereof) that students noticed between the courses. They
found that many students built a critical connection between chemistry and biology by
recognizing links between structure, property, and function relationships?°. These students
noted structure & properties as a big idea in chemistry, and structure & function as a focus in
biology, and they proposed this as an opportunity for both courses to help students identify
and use this connection for more meaningful, interdisciplinary learning. Thus, SPF relationships
may serve as an excellent area of investigation aimed at helping students to build connections

across disciplines.

Energy
While the students that Kohn et al. (2018) interviewed recognized connections between
chemistry and biology regarding SPF relationships,?® these same students noticed distinct
differences, and contradictions, in regard to energy in their courses?. Energy, a core idea in
both disciplines and a crosscutting concept®3®, should, theoretically, be a potential bridge

between disciplines; however, one student said, in relation to energy, “I know for biology what
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[the instructor] wants us to say and then for chemistry what we have to say”?!. Energy in
chemistry is frequently discussed in terms of bonds and the energy changes that occur when
bonds are formed or broken. Biology, on the other hand, is typically not concerned with this
fine-grained level of bonds breaking/forming; rather, its range spans from cellular/metabolic
processes to population dynamics and ecosystems — i.e., explaining how energy is “captured” or
“transferred” in order for some outcome to occur. This disconnect poses a challenge in linking
ideas about energy between the disciplines; however, little research has been done to help
students do this>1822-24,

| intend to expand opportunities for students to build connections across chemistry and
biology as they traverse STEM curricula, which include pre- and co-requisite courses designed
with the implicit idea that students will apply and refine knowledge from one to another. We
posit that by providing these opportunities, specifically by helping students to engage in
mechanistic reasoning consistently, thereby developing habitual productive reasoning

strategies, students might be able to better use their knowledge and build these connections.

Students’ Mechanistic Reasoning In Chemistry And Biology

While there is an extensive literature base on mechanistic reasoning in K-12, this section
focuses solely on mechanistic reasoning in chemistry education and biology education
literature. Chemistry education research is fairly rich with evidence on how students construct
(causal) mechanistic explanations'®2>31, In this work, researchers characterize student
engagement in mechanistic reasoning by analyzing and making sense of student explanations or
models for chemical phenomena. For example, Becker et al. characterized student explanations

for the origins and causes of London dispersion forces, finding that explanations ranged from
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non-mechanistic and non-canonical causes to full mechanisms and canonical electrostatic
causes.?”> Some mechanistic reasoning work involves supporting students to reason this way by
carefully designing assessments and frequently asking students in transformed courses to
engage in mechanistic reasoning (via formative and summative assessment tasks)>1%32, That is,
by frequently asking students to explain how and why phenomena occur, they are better able
to engage in this thinking strategy when faced with unfamiliar contexts33. Graulich et al.
developed activities that capture students’ identification and use of implicit properties when
constructing mechanistic explanations in organic chemistry courses?”:34. Similarly, Shultz et al.
established a “writing to learn” program, which uses formative writing assignments in organic
chemistry courses that engage students in constructing explanations and peer review about
reaction mechanisms?°. More recently, advances have been made in characterizing student
explanations via machine learning, which involves analyzing large sets of students’ responses to
characterize explanations, providing practical implications for instruction3>3°,

To engage in mechanistic reasoning in a chemistry context often requires identifying
lower-level entities (subatomic level) and their properties/activities, and then causally linking
these aspects to the target phenomenon (which may occur at the molecular or macroscopic
levels). A biological context, on the other hand, does not usually require going as deep as the
subatomic level. In fact, because of the range of scalar levels explored in biology, the
requirement to “identify entities at a scalar level below the target phenomenon”, according to
Krist et al. (2018), can be quite challenging. What scalar level is “deep enough” for a
mechanistic explanation? Further, some phenomena occur as a result of entities that might be

considered the same scalar level, and it is their interactions/activities that give rise to some
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occurrence. Despite the importance of and emphasis on mechanisms in biology, only a small
body of literature focuses on thinking about mechanisms as a way of reasoning rather than a
process to memorize3’~3°, Further, studies on student mechanistic reasoning in biology have
largely focused on genetic mechanisms or information flow384%43 and less so on metabolic or
molecular mechanisms**, which may serve as a conceptual link between chemistry and biology,
thereby providing an opportunity for interdisciplinary learning.

[Some] Research seems to support the idea that mechanistic reasoning may be a
supportive, equitable, and reasonable (achievable) practice for students, even in large-
enrollment undergraduate courses®”2645, The surge in development of machine learning (ML)
and artificial intelligence (Al) provides a tool for instructors to characterize large numbers of
student explanations, allowing for feedback that can guide instructional decisions. Work in both
chemistry and biology education has resulted in efficient ML models for various open-ended
prompts3>3646 ideally resulting in increased use of explanatory assessment items in large-
enrollment undergraduate courses. Further, extensive use of formative assessment tasks
(which can both challenge and support students to construct complex explanations), may be a
more equitable (and effective) teaching practice when compared to high-stakes summative
assessments. The challenge then becomes, how do we design assessments to support and elicit

this type of thinking?
Assessment Design — Eliciting Students’ Mechanistic Explanations

Historically, assessments have been used to sort students — that is, which students know
which material and how well? However, the push for “knowledge-in-use” (and 3DL) in the 215t

century, has led to an emphasis on assessments designed to help students use and apply their
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knowledge (as practicing scientists do)* — it is not simply what you know, but what you can do
with what you know. Thus, the task for instructors becomes designing tasks that provide
enough information for the students to understand what is being asked, but not so much that
they can complete the task without thoughtful effort. | have relied on Mislevy’s evidence-
centered design (ECD) approach®’ to build an assessment that both (1) supports students in
leveraging appropriate resources to explain a complex phenomenon (reaction coupling) and (2)
elicit valid and reliable evidence of what students know and can do. ECD is based on an iterative
process in which the designer first identifies what it is they want students to know and be able
to do. Then, they decide what they will accept as evidence that students know or can do what
was intended (evidence statements). Finally, the task is iterated accordingly based on the
evidence in students’ responses. For example, Noyes et al. (2022) explicated this process in
their design of a task that elicited students’ mechanistic explanations about preferential
protein-ligand binding®. This iterative process of designing tasks, analyzing responses, and
modifying tasks such that they are optimized, is no trivial feat — there is a narrow range within
which an assessment provides enough, but not too much, information for the student. Once
achieved, however, a task can be used to both assess and support student learning.
Supporting student learning via carefully designed assessments requires an
understanding of different types and amounts of scaffolding. Scaffolding dates back to work by
Wood et al., which proposed strategies that a tutor could use to better support student
learning (e.g., reducing degrees of freedom)®. This work builds off of Vygotsky’s zone of
proximal development (ZPD) — a zone between what a learner can do without assistance and

that which they cannot do even with assistance (i.e., support from experts or scaffolds)®C. That
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is, the ZPD represents a unique learning space in which students, with guidance, can build on
what they know to expand or refine that knowledge. Originally, work on scaffolding was limited
to individual student-teacher situations; however, it has since been applied to assessment
design in the form of scaffolded activities3*%¢°1, or those that include additional structure,
hints, or questions that better support the learner to build an explanation, model, prediction,
etc. For example, Noyes et al. (2022) showed that minor iterations on a task can have large
impacts on the ideas that students include in their explanations.

Deciding the appropriate amount and type of scaffolding, as noted, can greatly influence
what students include (or not) in responses to assessments. Thus, assessment design is crucially
important, as we use assessments as evidence of what students know and can do>2.
Inadequately designed assessments can misrepresent students’ knowledge and abilities,
leading us to make inappropriate conclusions about our course instruction or the students
themselves. By using ECD, we can mitigate the uncertainty about evidence elicited from
assessments, and trust that optimized tasks (that have gone through the cycle of ECD)
appropriately reflect students’ knowledge. Further, assessments send a strong message to
students about what is important and valued in the course®3; therefore, if we want students to
be able to explain/make predictions about complex phenomena and apply ideas from one

course to another, then we must give them the opportunity to do so on assessment tasks.
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Chapter IV — Undergraduate Chemistry And Biology Students’ Use Of
Causal Mechanistic Reasoning To Explain And Predict Preferential
Protein-Ligand Binding Activity

Preface

In this study, we investigate how chemistry and biology students engage in causal
mechanistic reasoning to explain and predict how a Mg?* ion preferentially binds to a protein.
This research has been previously published in the Journal of Chemical Education and is
reprinted with permission from Franovic, C. G.-C.; Noyes, K.; Stoltzfus, J. R.; Schwarz, C. V.;
Long, T. M.; Cooper, M. M. Undergraduate Chemistry and Biology Students’ Use of Causal
Mechanistic Reasoning to Explain and Predict Preferential Protein—Ligand Binding Activity. J.
Chem. Educ. 2023, 100 (5), 1716—1727. Copyright 2023 American Chemical Society.

A copy of permissions obtained is included in Appendix A. Supporting Information for

this manuscript is included in the Appendix.
Background And Significance

Connecting Across Disciplines
Having both an interdisciplinary understanding of science and a mechanistic
understanding of scientific phenomena are valued ways of thinking in science education.’™ In
an increasingly complex world with problems and phenomena not bounded by disciplinary
silos, it is important to think deeply about how and why they occur to make informed decisions
and to recognize when and how to use and apply prior knowledge.
The importance of interdisciplinary learning at the undergraduate level has increased in

science education discourse. These efforts include large projects (for example, the BRAID
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project®), as well as smaller, single-activity research articles, such as those proposed by
Underwood et al.”~%% While interdisciplinarity may focus on the integration of science with
social and economic studies (for example, addressing climate change or sustainability issues),
students should also be able to integrate ideas between their science courses, such as
chemistry and biology — particularly pre-health students who need to leverage both disciplines
in their future courses and careers. Students in undergraduate STEM majors frequently enroll in
both chemistry and biology courses to meet their degree requirements. In fact, general
chemistry often serves as a pre- or co-requisite for introductory biology courses, implying
interdisciplinary connections; however, these connections are not often obvious to students,*"
13 making this an intriguing area of study.

The National Academies, in their 2012 consensus report, further emphasized the
importance of integrating ideas across science courses, and to make this actionable, introduced
three-dimensional learning (3DL). 3DL aims to engage science students in three dimensions
during their learning experience: disciplinary core ideas, scientific practices, and cross-cutting
concepts.? Causal mechanistic reasoning (CMR) about phenomena can be used as a tool for
instructors who are aiming to implement 3DL in coursework, because this reasoning strategy
incorporates all three dimensions — a disciplinary core idea relevant to the phenomenon under
consideration, the scientific practice of constructing explanations, and the crosscutting concept
of cause and effect. While both chemistry and biology education research have implemented
these ideas in their respective fields, there is limited work probing student engagement in CMR

using chemical principles in biological contexts.'#
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Causal Mechanistic Reasoning

Mechanistic reasoning has been defined as a type of causal reasoning that involves
explaining the sequential stages of the underlying causal events leading to a phenomenon, or
how and why one or more factors behave to give rise to a phenomenon.*>1® Krist et al. describe
this as an epistemic resource, or thinking strategy, consisting of three steps: (1) considering the
scalar level below the phenomenon of interest, (2) identifying and unpacking the properties
and behaviors of entities at that lower scalar level, and (3) connecting how those interactions
and behaviors give rise to the phenomenon of interest.® This understanding of CMR guided our
work in both the activity development process (i.e., the type of thinking we aimed to elicit) and
in the assessment process (i.e., our interpretation of student explanations and predictions).

When considering a phenomenon, we call upon conceptual resources, or pieces of
knowledge/information, such as the idea that opposite charges attract each other, in order to
identify relevant concepts for specific situations.'” In addition to conceptual resources, we can
leverage epistemic resources, such as CMR, which we use as a productive way of thinking
about, explaining, or predicting phenomena in science and in our everyday lives.® Our world is
made up of mechanisms (in science as well as social and economic studies among others) and
models that explain mechanisms, supporting this type of reasoning as a crucial part of
education. Therefore, as educators, we must provide opportunities for students to use prior
knowledge and promote their ability to construct causal mechanistic explanations — something
that is critical in science and beyond.

Several research findings from studies in general and organic chemistry courses

emphasize the importance and utility of CMR.'8-2* CMR can help focus attention to the
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important parts of the phenomena so that learners do not try to memorize every detail. This
can help people learn “better” rather than “more” and understand phenomena more deeply.
Such approaches can support all students and, in fact, a recent report provides evidence that
mechanistic reasoning tasks are more equitable than tasks assessing rote knowledge or skills.?®
We posit that CMR is also useful for spanning the disciplinary boundary between chemistry and
biology, because the two disciplines may emphasize the same phenomenon at different scalar
levels, and the information at each scalar level is important for a deep understanding. In this
work, we focus on the (macro)molecular level of proteins and define atoms or amino acids as
the scalar level below that of proteins, since it is the behavior and interactions of relevant
atoms and side chains which govern protein activity, such as the binding of ligands. Thus, it is

III

the “chemical” ideas (electrostatic forces and interactions occurring at the atomic/electronic

level) dictating how and why ligands bind to proteins at certain binding sites.
Structure, Properties, And Function

Structure, property, and function (SPF) relationships, in a chemical context, refer
primarily to the structures of atoms or molecules, which govern their chemical properties, such
as melting or boiling point. In biology, these ideas can be extended to macromolecules, such as
proteins, which carry out specific functions as a result of their chemical properties, which, as
noted, are dictated by their structures. While the connections regarding these ideas between
chemistry and biology may be accepted and understood by experts, these connections may not
always be so explicit for students.'*3 For example, Kohn et al. interviewed students who were
co-enrolled in second semester general chemistry and introductory molecular biology to

investigate how they thought about the “big ideas” in each course. When discussing chemistry,
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these students identified the relationship between the molecular structure of a substance and
its properties as central to understanding the discipline; however, these same students referred
to “structure-function” as the big idea in biology. Thus, they saw these ideas as being discussed
differently in the two courses. Further, these same students talked about how they actively
separate ideas related to “energy” in biology versus chemistry.! In this study, one student said,
“I know for biology what [the instructor] wants us to say and then for chemistry what we have
to say,” suggesting that students may be constructing different responses for the same
phenomena based on the course in which they are situated. While the students noted a
disconnect between SPF relationships in these two disciplines, unlike with energy, they
eventually recognized that these SPF ideas were quite similar and, even more encouraging, a
number of students spontaneously voiced the idea that both chemistry and biology courses
should attempt to explicitly help students make connections from structure to properties to
function. That is, each course had part of the connection, but neither had the whole.

The fact that students suggested the idea that chemistry and biology courses should
emphasize and clarify the connections between structure, properties, and function, and that it
is critical to do so for a sustained understanding and use of the content,?® makes this an
important area of investigation. Research exploring students’ understandings of ideas about
SPF relationships in the contexts of specific phenomena relevant to chemistry and biology is
limited;'%'* however, in a recent publication, Yoho et al. found that faculty in chemistry,
biology, and biochemistry all emphasized the importance of these relationships in each
discipline but also the importance and challenges (via instructor opinions) of bridging the

disciplines using these ideas.?’
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Purpose Of This Paper

Given (1) our interest in students building connections via CMR between chemistry and
biology, (2) the importance of context in activating resources and how this might impact
students’ explanations, and (3) a gap in the literature studying student responses across these
disciplines, we investigated student engagement in CMR using a task centered around protein-
ligand binding, a biological structure-function phenomenon that can be explained using
chemical principles associated with structure and properties. This task, however, serves as just
one part of a three-part activity. Parts two and three also aim to elicit CMR, but the phenomena
focus on how different proteins result in different functions (part 2) and how protein variation
emerges in populations (part 3). Because of our large team of discipline-based education
researchers, with varying interests involving student engagement in CMR across chemistry and
biology undergraduate courses, we gathered responses from a range of chemistry, biology, and
biochemistry courses. To our knowledge, a study of this magnitude and depth has not
previously been done, fueling our interest to conduct an exploratory and descriptive
investigation that can inform future work to support both CMR and interdisciplinary learning. In
this manuscript, we focus solely on student responses to the protein-ligand binding task, which
has deepened our understanding of the ideas students use to reason causal mechanistically
about this phenomenon as well as the degree to which engagement in CMR influences overall

predictions.
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Research Questions

By collecting and analyzing responses from a wide array of courses, we could explore
how students at different points in an undergraduate degree engaged in CMR about this
phenomenon. In this analysis, we aimed to answer the following research questions:

1. How do students in chemistry and biology courses engage in causal mechanistic
reasoning in the context of protein-ligand binding?

2. What conceptual resources do students enrolled in chemistry and biology
courses use when explaining this phenomenon?

3. How does engagement in CMR relate to students’ overall predictions?
Methods

Development Of The Task

Noyes et al. developed the protein-ligand task (hereon referred to as “PL task”) and the
subsequent coding approach that we used to analyze the responses in this paper.?® The task
aimed to elicit both CMR (an epistemic resource, or way of thinking) and the appropriate
knowledge pieces (conceptual resources) that would be required to construct an accurate
prediction and explanation, while also providing a balanced amount of information so that the
task would sufficiently activate these resources without giving away the answer. We hoped to
activate conceptual resources related to electrostatics in this context, so that the students
could then use and advance those ideas while reasoning about this relevant, biological
phenomenon. To scaffold the writing of the task, we used a modified version of evidence-
centered design,?>3 a process outlined by Mislevy et al. in which design of the task is based on

statements that the designers deem acceptable evidence of learning.?? In our case, we defined
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acceptable evidence as a response that appropriately leverages electrostatics and explicitly
identifies lower-level entities, as well as how these entities and properties link to preferential
binding. Based on the design process discussed by Noyes et al.,?® this task seems to activate
appropriate resources (conceptual and epistemic) for explaining this phenomenon and prompt
students to include these ideas in their written explanations.
The PL Task

The PL task asks students to choose one of two protein binding sites to which a positive
magnesium ion would most likely bind (Figure 4.1). The students are prompted to draw the
Mg?* in the site they chose, showing why it is binding there, then explain what causes the ion to
bind to the protein, and, finally, explain why the version they chose has the better binding site

and how structural differences cause the difference in binding.

The drawings below representbinding sites in two different versions of protein M showing only the atoms in relevant amino
acid side chains. Consider a positively charged magnesium ion (Mg2*). Pick the binding site you think is most likely to bind
the magnesium ion and drawthe ion in the binding site showing why it is bindingin that site.

Explain what causes the magnesium ion to bind to the protein making specific references to your drawing.

Explain why the protein you chose has the better magnesium binding site and how the structural differencesin the site
cause this difference in binding.

Figure 4.1. The full PL task. Students are first prompted to draw Mg?* in the version that would
better bind the ion. Then they are prompted to explain what causes Mg?* to bind and why the
version they chose is the better binding site.?8
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Based on structure-property predictions and the information available in the diagrams,
the correct protein version is version 2, because that binding site has two polar amino acids (as
opposed to one in version 1) which have partial negative charges on the oxygen atoms. The two
partially negative oxygen atoms attract the positive magnesium ion more strongly than the one
partially negative oxygen in version 1. We recognize that this represents a simplified model of a
complex system, one in which other factors like 3-dimensional protein folding, access to the
binding site, potential solvation of Mg?*, etc., may impact binding activity; however, here we
only provided the students with structural images of two binding sites, so we did not expect

them to consider anything outside of this given context.

Participants And Data Collection

During spring semester 2020, we administered the full activity containing the PL task to
students in seven different courses at a large, public, research-intensive midwestern university.
The courses in which we administered the task included general chemistry | (GCI), general
chemistry Il (GCII), molecular biology (MB), organismal biology (OB), organic chemistry Il (OCll),
biochemistry | (BCl), and biochemistry Il (BCIl). We chose to administer this activity to these
courses so that we could create “co-enrolled”, “longitudinal”, and “cross-sectional” cohorts of
students in order to address the broader interests of our research group. In this study, we are

III

primarily interested in the “co-enrolled” and “cross-sectional” cohorts of students; however,
we explain the selection process of all three cohorts in Appendix B as these processes influence

one another. We provide additional information about the courses and data collection process

in Figures 4.2 and 4.3 and Table 4.1.
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Students completed the task on an online assessment platform called beSocratic, which
allows students to provide both drawn and written responses.3! Students were provided a small
amount of course credit for completing the task, but could choose to exclude their responses
from our study. All students in this study agreed and consented to our use of their responses
according to our IRB protocol, and, after removing incomplete or un-codable responses, there
was a total of 4,092 student explanations. We deidentified the responses by assigning each
response a random (using a random number generator) identification value. Of the 4,092 total
responses, we decided to begin coding with the two smaller, more feasibly sized, cohorts, that
represent the focus of this study: the “cross-sectional cohort” and the “co-enrolled cohort”.

The Cross-Sectional Cohort

In the cross-sectional cohort, we targeted responses from students in all courses. After
removing students who did not provide a complete or codable response, we aimed to limit
other confounding factors by selecting responses from students who had only seen the task
once up until that point (i.e., some students were enrolled in more than one of the listed
courses or completed both a pre and post response). For example, the MB and OB post
responses were constructed by students who did not complete a pre response. Finally, we
randomly selected a maximum of 50 responses from each course/timepoint (Figure 4.2),

resulting in a total of 395 responses for the cross-sectional cohort.
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Cross-sectional cohort
N =395

Spring 2020 Semester

Pre Post
GCl
N=50
. GCll
Chemistry N=50
ociu
N=50
MB MB
N=49 N=>50
Biology
0B 0B
N=50 N=31
BCI
N=15
Biochemistry
BCII
N=

Figure 4.2. All students in the cross-sectional cohort took the PL task for the first time in the
specified course and timepoint displayed.

The Co-Enrolled Cohort

To answer our broader questions about how students in chemistry and biology courses
use CMR and conceptual/epistemic resources to explain this phenomenon, we also needed to
see if the course in which the task is asked affects the students’ responses. We included the co-
enrolled cohort (students who were co-enrolled in GCIl and MB) in this study, because (1)
resources are contextually activated and (2) there is some evidence that students actively
separate their chemistry and biology knowledge.!! This cohort consists of 99 students, and
while not the direct intent of selecting this cohort, because we administered the task at the
beginning of the semester in MB, we could observe how the students’ responses changed over
the course of the semester. Each student in this cohort completed the task three times: once at

the beginning of the semester (for their MB course) and twice at the end of the semester (for
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both their MB and GClI courses) (Figure 4.3). Specifically, we chose the same 49 students who
were coded for the “MB pre” point in the cross-sectional cohort, as well as an additional 50
students who fit this description. Thus, this set consisted of 297 total coded responses from
these 99 students. We note that, while we administered the PL task in GCII prior to MB at the
end of the semester, there was some slight overlap in the timing of the tasks and three of these
students completed their post response in MB prior to GCII. Table 4.1 outlines the course
names, the total number of responses collected, the total number of responses coded, and the
time point of administration of the task.

We conducted independent samples t tests to evaluate the difference in grade point
average (GPA) and SAT scores between the students who constructed responses that were
coded and the remaining students (not coded) in each respective group. Because of the small
sample size coded for each course, we did not compare other factors (e.g., age, race/ethnicity,
course history, major, etc.). Each of the independent samples t test results were not significant
(p > 0.05). Thus, according to GPA and SAT scores, the responses we coded were constructed by
students that are representative of each course population — the p values for each group are

shown in Appendix C.
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Co-enrolledcohort
N = 297

Spring 2020 Semester

Molecular Biology/
General Chemistry I
N =99

Pre

MB

Post

MB

GCll

Figure 4.3. All students in the co-enrolled cohort completed the task either in MB or GCII at the
three timepoints displayed. Ninety-nine students and N = 297 responses.

Table 4.1. Number of responses collected and analyzed in each course and timepoint.

. Number of Responses coded Responses

Time in .

semester responses for cross-sectional coded for co-
Course Name collected cohort enrolled cohort
General Chemistry | Post 1016 50 0

| Chemi

I(ISenera Chemistry Post 337 50 99
Molecular Biology Pre 584 49* 99*
Molecular Biology Post 636 50 99
Organismal Biology Pre 350 50
Organismal Biology Post 368 31
I(I)rgamc Chemistry Post 595 50 0
Biochemistry | Pre 20 15 0
Biochemistry Il Post 56 50 0
Total 4092 395 297

*The 49 MB pre responses in the cross-sectional cohort were also included in the co-enrolled cohort.

CovVID-19

During this semester, all courses at the university switched to an online format in

response to the COVID-19 pandemic. Thus, pre responses (in BCI, MB, and OB) were
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constructed prior to the pandemic, while post responses (in GCI, GCII, OCII, MB, OB, and BCllI)
were constructed during online learning and amid the pandemic. This unprecedented event had
(and continues to have) wide-spread effects on students that should not be ignored when
considering the results; however, it is important to continue research on teaching and assessing
students so that we may understand how to provide the best support possible.
Coding Rubric

Noyes et al. described the coding approach that we used to characterize students’
engagement in CMR from their constructed explanations to the PL task.?® The engagement in
CMR (non-CM, partially CM, or fully CM) depends on the presence or absence of three key
ideas in the explanation: (1) the attraction of oppositely charged species, (2) the negative or
polar nature of atoms and amino acids in the binding sites, and (3) the larger negative charge in
one of the binding sites, causing the preferential binding of Mg?*. If a response provided
evidence of an understanding of all three key ideas, then we coded it as fully CM. If the
response provided evidence of one or two of the ideas, but not all three, then we assigned the
code partially CM. Lastly, if there was no evidence for any of these three key ideas, the
response was deemed non-CM. For a more comprehensive description and student examples
of the coding approach, we direct readers to our previous publication detailing its development
and implementation.?®

Initially, the first and second authors used the CMR coding approach to code the
deidentified responses from the cross-sectional cohort. However, while coding this larger set
(as compared to the smaller sets used for development of the coding approach),?® we noticed

an additional resource being leveraged by some students: space, or some physical attribute
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causing Mg?* to bind, instead of, or in tandem with, electrostatics. Because our goal is to

characterize both student engagement in CMR (RQ1, which uses the holistic codes) as well as

the different resources that students leveraged when constructing their explanations for this

phenomenon (RQ2), we expanded the analytic rubric to include a coding bin for space and

specified the codes for the original analytic rubric to include charge, polarity, both, or neither

(to identify resource(s) rather than just “yes” or “no”) (Table 4.2). For the holistic scheme,

whether the students used charge or polarity to explain the binding of Mg?* did not impact the

code, since either resource is sufficient for explaining this phenomenon; however, we did

identify which of the two (or both) was used in the responses. Finally, we added one last bin to

see whether the students chose the correct binding site (version 2), allowing us to address RQ3.

The expanded analytic rubric was used by the first and second authors to code the co-enrolled

cohort as well.

Table 4.2. The expanded analytic rubric. The original analytic rubric bins are bolded.

Bin

Options

Criteria

Attraction of oppositely charged
species

Polarity, charge, both, no

Provides evidence of the attraction
between oppositely charged
species or polar species and ions

Negative or polar nature of atoms
and amino acids in the binding sites

Polarity, charge, both, no

Identifies an atom or amino acid as
polar or negative

Magnitude of charge/polarity
causing the preferential binding of
Mg2+

Polarity, charge, both, no

Identifies the site they chose as
more or less negative/polar than
the other

causing Mg?* to bind

Correct binding site (version 2) Yes, no Clearly (through drawing and/or
text) indicates that Version 2 is the
better Mg?* binding site.

Space, or some physical attribute Yes, no Discusses the space or accessibility,

or some physical aspect of the

binding site to explain Mg?* binding

50



Analysis Of Responses And Inter-Rater Reliability

During coding, the coders could not see the course or any other identifying student
information. The first and second authors individually coded a set of 40 responses from the
cross-sectional cohort, reaching percent agreement between 93% and 100% for each analytic
bin. Then, after coding the remaining responses in the cross-sectional cohort individually, these
authors discussed and came to consensus on any disagreements, which could then be used for
the final analysis. We used Cohen’s kappa values? to calculate inter-rater reliability (IRR), as the
holistic codes are ordinal and mutually exclusive. Our calculated Cohen’s kappa was 0.814,
suggesting “almost perfect” agreement3? between the two coders. After coding the cross-
sectional cohort, the two authors coded the co-enrolled cohort in the same manner (Cohen’s
kappa = 0.785). The agreement between the iterations of coding for each holistic code was 98%
for non-CM, 98% for partially CM, and 100% for fully CM.

We calculated quantitative statistics associated with Cohen’s kappa, Pearson’s x2,
independent t tests, ANOVA, and sign tests with IBM SPSS Statistics Version 27.34 For these
tests, we used a significance threshold of 0.05 and, when appropriate, conducted a Bonferroni
adjustment for increased risk of type | error (i.e., false positives). For significant Pearson’s x?
tests, we calculated Cramér’s V, a modified version of ¢ for contingency tables with more than

2 rows or columns, to characterize the effect size.
Results

In the following sections, we answer our research questions by leveraging both the
holistic and analytic coding rubrics. We share the results for RQ1 using the holistic codes, which

characterize student engagement in CMR. For RQ2, however, we use the analytic rubric to
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characterize student use of conceptual resources in their explanations. Lastly, RQ3 focuses on

how student engagement in CMR (holistic codes) related to their binding site predictions.

RQ1 - How Do Students In Chemistry And Biology Courses Engage In CMR In The Context Of
Protein-Ligand Binding?

To address our first research question, we coded responses from nine different
courses/timepoints (Table 4.1) characterizing engagement in CMR. We present raw results (i.e.,
breakdown of non-CM, partially CM, and fully CM responses) for each of these timepoints and
courses in Appendix D, which shows an encouraging, stark increase in fully CM responses from
GCl to BCII. In this section, we highlight comparisons between specific groups to illustrate how
chemistry and biology students engage in CMR. Specifically, we focus on (1) the responses from
the chemistry students in the cross-sectional cohort and (2) the responses from the co-enrolled
cohort as representative of the biology students.

Chemistry Students’ Engagement In CMR

Student Sample Population

To address this question, we analyzed data from students in the cross-sectional cohort
who completed the PL task in one of three chemistry courses: GCI, GCII, and OCII. In order to
determine whether students from each course were roughly equivalent, we used a one-way
analysis of variance (ANOVA) to evaluate the difference in mean SAT scores between the
students analyzed from each course. The results showed a significant difference (p = 0.012),
with the GCI students having a lower mean SAT when compared to the GCll and OCII students
(GC1 mean = 1165, GCIl mean = 1236, OCIl mean = 1239; for more information, see Appendix

E). This is not surprising, given that a wider range of students enroll in GCI. However, we also
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did a one-way ANOVA to evaluate the difference in mean cumulative GPA, which showed no
difference between the students in these three courses (p = 0.888). Appendix E provides
descriptive statistics for each of these performance measures.
Students In GCIl And OCII Construct More Fully CM Responses Than Students In GCI

Chemistry course and engagement in CMR were found to be significantly related, with
GClI students constructing the least amount of fully CM responses (Pearson’s x? = 26.450, p <
0.001, Cramér’s V = 0.297). The percentage of students constructing fully CM responses in GCl,
GCIl, and OCIl were 2%, 24%, and 30% respectively (Figure 4.4). We did follow-up pairwise
comparisons to evaluate the difference among these proportions across courses (Table 4.3).
While the GCI students constructed significantly different explanations from both the GCll and
OCIl students, the GCIl and OClI students did not differ in their engagement in CMR (p = 0.342).
Only one student in GCI constructed a fully CM response, while 24% and 30% of the GCll and
OCll students did so. We posit that this is due to resource refinement — that is, students in GCl
do not have complete access to the resources with which they need to construct a causal
mechanistic explanation, while the GCIl and OCII students have had both time and opportunity
to (1) reason mechanistically about phenomena (i.e., develop this epistemic resource), and (2)
refine their conceptual resources, so that they can be called on and used in appropriate

contexts.

53



Table 4.3. Pearson's x? test results exploring the relationship between chemistry courses
and engagement in CMR.

Comparison X2 Value p Value?® Cramér's VP
GCl and GClI 14.904 p < 0.001 0.386
GCl and OClII 25.211 p <0.001 0.502
GCll and OClI 2.146 p=0.342 0.146

a. Bonferroni-adjusted a = 0.017

b. Suggestions for interpreting Cramér’s V36: small - 0.1, medium - 0.3, large — 0.5
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Chemistry student engagement in CMR

GCI (N=50)
2%
40%
58%

GClI

N=50)
24%
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OClI (N=50)
30%
54%
16%

Figure 4.4. Chemistry student engagement in CMR (all cross-sectional cohort students who

completed the PL task at the “post” timepoint).

Biology Students’ Engagement In CMR

Student Sample Population

To understand how students from biology engaged in CMR, we focused on the

responses from the co-enrolled cohort. We chose to focus on this cohort, because students in

the cross-sectional cohort had not seen the PL task prior; therefore, the post OB and MB
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students may not be representative of the rest of the group, since they had missed the pre
administration of the PL task for some reason (e.g., transferred into the course late, poor
engagement early in the semester, etc.).
MB Student Explanations Improved From Pre To Post

We coded responses from ninety-nine MB students who provided explanations both at
the beginning and end of their MB course; however, we removed three of these students from
this analysis, because they had not completed their GCll post response yet. Thus, to maintain
consistency in the order in which each student completed their explanations, we only analyzed
the responses constructed by these 96 students. We used the sign test for significance (a
repeated-measures test) to compare the differences in engagement in CMR at these two
timepoints (MB pre and post) for the related sample, showing 47 positive changes, 15 negative
changes, and 34 ties (p < 0.001) (Figure 4.5). That is, nearly half (49%) of the students improved

their response type from non-CM to partially or fully CM, or from partially CM to fully CM.
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MB Student Engagement in CMR
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O Non-CM 36% 19%

ONon-CM M@ Partially CM B Fully CM

Figure 4.5. MB (N=96) pre and post engagement in CMR. Note that it is the same cohort of
students represented in the pre and post categories.

These findings indicate that student engagement in CMR improved throughout the
duration of their MB course; however, like the chemistry students, these students were
enrolled in other courses during this time which may have also contributed to their
improvement. Additionally, having seen the prompt twice already could have impacted student
explanations by allowing more time to wrestle with these ideas.

Comparing Student Engagement In CMR For Chemistry And Biology

According to the resources perspective, context matters when constructing explanations
or thinking about certain ideas. Additionally, Kohn et al. showed that students think about SPF
relationships in different ways when prompted about their biology course versus chemistry
course, and some actively separate ideas about energy for these two courses, even when they

are enrolled in them at the same time.>*2 For these reasons, we expected that students would
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construct different responses “for their chemistry course” versus “for their biology course”,
even though both responses were completed on beSocratic. To test this, we examined the post
responses from those students in the co-enrolled cohort who completed the PL task for both
MB and GCII. All the students included in this analysis (N = 96 students, N = 192 responses)
completed the GClI post task first, followed by completion of the MB post task within the next
week.

We used a sign test to measure the difference between students’ post engagement in
CMR in their chemistry course and their biology course. This sign test indicated no significant
difference between these groups, with 13 negative changes (e.g., partially CM response in
chemistry changing to non-CM in biology) and 17 positive changes (z = -0.548, p = 0.584). After
examining the responses from students who changed their engagement in CMR, we did not
discern any trends in the slight differences observed. Thus, even though some students had
marginally altered responses, from a statistical standpoint, the responses were the same
regardless of the course in which they were constructed. Figure 4.6 displays this nearly identical

engagement in CMR between courses.
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Student engagement in CMR in their GCIl and MB course
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Figure 4.6. Frequency of response type constructed by students at the end (post) of their GClI
course and end of their MB course. Recall that each student completed their response in GClI
before completing it in MB.

We find this result encouraging, because it points to the interdisciplinary nature of the
task, as it is equally effective at eliciting appropriate resources and CMR from students,
regardless of the “course context”. Further, the MB and GClI courses at this institution
emphasize CMR in frequent formative and summative assessments, likely contributing to this
result. Had one of these two courses put less emphasis on CMR, we may have seen different

results.

Ideally these students, regardless of context, leveraged ideas from both courses, and

therefore are building connections to refine their knowledge frameworks when explaining this

phenomenon; however, the only evidence here is the nearly identical engagement in CMR in
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both courses. An additional study involving think-aloud interviews would provide more support

for this by asking students how and why they call upon certain ideas.

RQ2 — What Conceptual Resources Do Students Enrolled In Chemistry And Biology Use When
Explaining This Phenomenon?

The similar engagement in CMR seen between the co-enrolled group of students
suggests similar activation of electrostatic resources, such as opposite charges attracting each
other. While most students in both cohorts leveraged these ideas, we also noted a handful of
students discussing a related idea — polarity — and some students discussing an unrelated idea —
space — which we could quantify using our analytic rubric. For example, student 1554 from OB
leveraged charge (not polarity) in their response by writing, "The partial negative charges on
the carbonyl group and on the OH group will attract the positive charge on the Mg.” In contrast,
student 1764 from MB leveraged polarity instead of charge by writing, “I chose version 2 for the
better binding site because it has more polar side chains, thus making it easier for the
magnesium to interact with the side chains within that protein.” Another student (1267 from
OCll) leveraged both space and charge by writing, “The partial negative charge on the oxygen
draws the positive magnesium ion. Protein 1 has less steric hindrance. Protein 1 has less steric
hindrance and thus has more space for the magnesium ion to bind.” We included this research
guestion to investigate what resources the cross-sectional cohort students used to explain this
phenomenon and whether there were differences in the resources used between disciplines.

Polarity Versus Charge
We predicted that students in biology courses would more often invoke polarity when

compared to their chemistry student peers, because polarity is the descriptor most used in
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biology to discuss the uneven distribution of electron density in a molecule, whereas in
chemistry the underlying cause of the uneven distribution is discussed in much greater depth.
With our expanded analytic rubric, we were able to identify whether students used charge,
polarity, or both in their explanations. For this analysis, we removed the GCI (N=50) students,
since we saw from RQ1 that they did not have the content background needed to construct a
fully CM explanation. Of the remaining 345 responses analyzed from the cross-sectional cohort,
52 of them invoked polarity in some way, with 48 of them coming from biology (MB or OB) or
biochemistry (BCI or BCIl) courses. Only one GCllI student and three OCII students leveraged
polarity. Because the number of responses per course from the cross-sectional cohort was not
consistent, we grouped each discipline and calculated the percent of partially or fully CM
responses that leveraged polarity (Table 4.4 — non-CM responses removed). We conducted a
Pearson’s x? test which showed an overall significant difference (x? = 14.820, p < 0.001,
Cramér’s V = 0.236) in resource activation between chemistry, biology, and biochemistry. Over
a quarter of biology students used polarity in their responses, 23% of biochemistry students
used polarity, and only 5% of chemistry students used polarity (Table 4.4). However, even
though polarity was more often invoked in biology than chemistry, a pair-wise Pearson’s x? test
showed no significant difference in engagement in CMR between these disciplines (x*> = 1.267, p
=0.531, Cramér’s V = 0.067) (see Appendix D for additional statistics comparing engagement in

CMR across disciplines).
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Table 4.4. Number and percent of students leveraging polarity in their explanations.

Discipli Total partially CM and Number of responses Percent of responses
iscipline
P fully CM responses using polarity using polarity

Chemistry (GClI, and OClI,

78 4 5%
all post, N=100)
Biology (MB and OB, pre

&y ( P 136 36 26%

and post, N=180)
Biochemistry (BCl pre and

53 12 23%
BCII post, N=65)

Space

While polarity could be used productively to explain the protein-ligand binding, some
students in the cross-sectional cohort (N = 48) leveraged the idea of space to explain the
preferential binding, an idea that probably emerges from the representation of the structure,
and that is not a productive approach to generating a causal mechanistic explanation of the
phenomenon. We consider “space” to be a surface feature, and thus, a resource that does not
support a causal mechanistic explanation, because a student who only recognized the available
space would not have provided any evidence of considering a lower scalar level (the first
requirement for CMR). Further, while space may be a productive approach to explaining
binding activity when the ligand is exceptionally large, it is a negligible factor for the binding
activity of small, spherical ions like Mg?* (and even in that case, identifying space (or lack
thereof) can be thought of as an explanatory black box3’ for the repulsive interactions that
emerge when a binding site is “too hindered”).

In this set of responses, most frequently (67%) the idea of space showed up as a student
noting “more room” or “less steric hindrance” in one of the protein versions (i.e., the spatial
availability); however, explanations were also characterized by this bin if they discussed, for

example, one version being a better “fit”. Unlike the use of polarity, we did not find a significant
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difference (Pearson’s x? = 4.490, p = 0.106) in the proportion of students from each discipline
(chemistry, biology, or biochemistry) using space to explain the protein-ligand binding.

Most (79%) of the students in this group selected version 1 (or were unclear in their
selection) as the version which would better bind Mg?*. For example, consider student 4000
from BCl who said, “...I think Version 1 has a better binding site simply because there is less
steric hinderance in Version 1.” Similarly, student 1818 from OB said, “...Protein 1 has a better
binding site because there is less ‘clutter’ within the protein.” Along with 58% of all
explanations coded for space, this student also referenced electrostatics in their response by
writing, “... show the Mg?* binding to an oxygen because while there are no negative charges
on these proteins, the oxygens within the proteins at least have a partially negative charge,
which the Mg?* is attracted to, causing it to bind.” Thus, even though these students recognized
the role of electrostatics in causing Mg?* to bind, they leveraged the idea of space (instead of
magnitude of charge) to explain why Mg?* binds preferentially to one site over another. A
response such as this would be coded as partially CM, because they included the first two key
ideas, but their invocation of space would not be enough for the “linking” code (third step in
CMR), because according to Krist et al., this step requires linking the underlying
entities/interactions (in this case, the negative oxygens, or polar amino acids) to the target
phenomenon. Although the numbers are small, this is an important finding from a resource’s
perspective, because, while students leveraged appropriate resources (i.e., electrostatics), the
format of the prompt may have also activated this alternative resource (i.e., space) for some
students, indicating a need to further refine the instruction or activity. That being said, it is also

important to note that we do not view the use of space as a misconception, since it can be a
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useful idea in other situations, such as macroscopic contexts. Rather, the use of space likely
emerged as an artifact of (1) how we represented the binding sites, and/or (2) the organization
or framework of resources in students’ minds. For example, students who chose to leverage
space when making their prediction may not have refined epistemic heuristics that support

predicting phenomena of this complexity (i.e., choosing between competing resources).

RQ3 - How Does Engagement In CMR Relate To Students’ Overall Predictions?

The most compelling evidence from our analysis of this data is the significant correlation
between constructing a fully CM explanation and making a correct prediction. We used all
responses from the cross-sectional cohort, as well as the 50 additional MB pre responses from
the co-enrolled cohort (N = 445), to address this research question. Results indicated that
nearly all (97%) of the students who constructed fully CM explanations also selected the correct
protein version (version 2) (Figure 4.7). An overall Pearson’s x? test of all three types of
responses was significant; however, a pairwise comparison showed no significant difference
between the non-CM and partially CM responses (Table 4.5). Thus, the fully CM group’s
predictions must be driving the significance, which we see in the x? values comparing fully CM
predictions to both non-CM (x? = 65.689) and partially CM (x% = 91.579). With large effect sizes
(Table 4.5), these results indicate the utility and power of engaging completely in CMR because

doing so nearly always leads students to a correct prediction.
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Percentage of students who chose version 2 based on
engagement in CMR
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Figure 4.7. Relationship between engagement in CMR and the predictions that students made
(i.e., which protein version they chose).

Table 4.5. Pearson's x? test results exploring the relationship between engagement in CMR
and binding site predictions.

Comparison x2 Value P Value Cramér's V°
All 94.164 p <0.001 0.460
Non-CM and Partially CM 1.847 p°=0.174 0.074
Non-CM and Fully CM 65.689 p?<0.001 0.525
Partially CM and Fully CM 91.579 p°<0.001 0.538

a. Bonferroni-adjusted a = 0.017
b. Suggestions for interpreting Cramér’s V36: small - 0.1, medium - 0.3, large — 0.5

This analysis clearly indicates that CMR is a powerful tool for accurately predicting and
explaining phenomena. Specifically, for preferential protein-ligand binding, comparing the

magnitude of charge/polarity between the two sites served as the critical idea for choosing the
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appropriate version. While many students identified the role of electrostatics in causing Mg?* to
bind, fewer explained why Mg?* binds better to version 2; that is, these students explained

how, but not why this phenomenon occurs.

Discussion

In this work, we examined students’ causal mechanistic reasoning (CMR) in an
interdisciplinary context: preferential protein-ligand binding, a biologically relevant
phenomenon that relies on understanding core chemistry ideas. While much of the work done
regarding CMR is limited to students’ responses from one discipline, we have shared
explanations provided by students across three chemistry, two biology, and two biochemistry
courses, for the same task. Research that engages students with tasks about interdisciplinary
ideas is an important step towards addressing national calls for interdisciplinary education at all
levels of science. Tasks such as this one are also important because they can engage students in
and examine how students in different disciplines think about these ideas and in which areas
they struggle or succeed.

While the results show varying types of student engagement in CMR across all courses,
we provide evidence of nearly identical engagement in CMR between students co-enrolled in
GCll and MB. These students maintained the level of engagement in CMR regardless of the
discipline for which they completed the task, showing to our surprise that the course did not
have a large impact on their explanations. This co-enrolled cohort may be leveraging ideas from
both of their courses when constructing their explanations; however, additional work should be
done to further support this, such as think-aloud interviews probing how and why students are

including certain ideas in their explanations. Our results from RQ1 also show that students in
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more advanced chemistry courses used CMR more frequently, and students in MB improved
their explanations by the end of the semester, suggesting that students refined both their
conceptual and epistemic resources over time.

Engagement in CMR did not differ significantly between students in chemistry (GCIl and
OCll) and biology (MB and OB); however, we did see notable differences in resource activation
of charge or polarity based on discipline. The idea of polarity was leveraged far more frequently
by students in biology than students in chemistry. This finding, while perhaps not surprising
given the scale at which biology courses discuss molecular properties, highlights the importance
of context in activating certain resources.'” From an instructor perspective, it is imperative that
we acknowledge the ideas students leverage, even if those ideas are not the intent of the
assessment, because it may illuminate alternative appropriate explanations or, if incorrect,
potential prompt revisions that better support students to use and apply relevant resources.
For example, the handful of students who leveraged space might not have called upon that
resource if a bulkier nonpolar amino acid was used in version 1 instead of alanine, or if a more
accurate representation of the structure (e.g., a space filling model) were presented. However,
an important part of CMR involves choosing appropriate and explanatory resources, even
amidst other (perhaps more salient) resources that, when used, provide competing
explanations. In this case, invocation of space correlated with an incorrect prediction; however,
that is not to say that these students have misconceptions about how/why ligands bind to
proteins. Rather, the representation of the prompt activated a resource that may have been

more accessible or more strongly connected to binding in their knowledge frameworks.
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While the number of students constructing fully CM explanations was not particularly
high across courses, the number of students engaging in some aspect of causal mechanistic
reasoning (i.e., providing either a fully CM or partially CM response) is promising (75%). All
these students leveraged electrostatics in some productive way, providing evidence of an
understanding of at least one of the three key ideas needed for a fully CM explanation. Thus,
this task and coding approach may serve as a means by which instructors can engage students
in this type of deep reasoning, while highlighting key ideas that carry significance in both
chemistry and biology. Additionally, using this coding approach allows instructors to identify
the ideas present or absent in student responses, which can then serve as a guide for feedback
and instruction.

Finally, the most significant finding in this work is the compelling evidence for the
predictive power of CMR. The strong correlation between fully CM explanations and correct
predictions (97%) shows the value of CMR — that is, considering relevant, lower-level entities,
their behaviors and interactions, and how these key ideas link to the target phenomenon. We
addressed this research question because, while constructing a fully CM response did not
depend on correctness, making correct predictions using CMR shows that these students have
developed coherent and sophisticated networks of knowledge (i.e., they have refined their
epistemic and conceptual resources so that they can use and apply them to novel situations).
For the phenomenon of preferential protein-ligand binding, most students identified the role of
electrostatics in causing the Mg?* to bind, but far fewer students linked the electrostatics to the
preferential binding. This key idea — that a larger charge results in a stronger attractive force —

proved to be the key factor in choosing the correct site, but, because of the small number of
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students recognizing this idea, there should be additional work to support students in linking
underlying factors to make predictions and explain phenomena.

It would be reasonable to predict that the partially CM explanations would more often
choose the correct protein version when compared to the non-CM explanations; however, we
saw that this did not happen. While there are six combinations of the three key ideas which
could result in a partially CM code, we most often saw that these responses consisted of either
the first idea alone, identifying the attraction of oppositely charged species (N=44, 21.3%), or
the first and second ideas, identifying this attraction and a lower-level negative entity (N=152,
73.4%). All other responses (N=11, 5.3%) included either the second idea alone, the second and
third ideas, the first and third ideas, or the third idea alone. Thus, the partially CM responses
rarely included the third idea: comparing the magnitude of charge between sites. That is, even
though these students recognized the importance of electrostatics in causing Mg?* to bind, they
did not link these ideas to the phenomenon of preferential binding. In fact, a handful of
students (N=42) who constructed partially CM explanations used the idea of space to explain
the preferential binding; the vast majority (90%) of these students explained that Mg?* would
more easily bind to the incorrect binding site (version 1) because there was “more room” or
“less steric hindrance”.

The relationship between fully CM responses and correct predictions points to the
importance of linking underlying factors to the phenomenon under consideration when
constructing a causal mechanistic explanation. This third step in CMR about our phenomenon
aligns with the third key idea which involves comparing the magnitude of the charge between

sites to explain why Mg?* binds preferentially to version 2 — students who linked ideas about
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electrostatics to the phenomenon in this way nearly always (97% of the time) chose the correct
binding site.
Limitations

There are a few notable limitations that should be addressed. The number of responses
coded in the cross-sectional cohort represents a small number of students in the courses; for
example, there were more than a thousand GCl responses, but we only coded 50. It is our
intention to code additional responses in the future so that we may have a more complete
understanding of each course as a whole; however, the smaller selection that we discussed in
this paper provides a starting point in identifying patterns and themes among the student
responses. Also due to these small N values, we were not able to group students by previous
coursework. For example, some of the OCll students did not complete GCII, and took different
GCl courses (e.g., residential college vs large enrollment). Additionally, each student was co-
enrolled in several other courses and in different academic years, which undoubtedly impacted
their prior knowledge. Typical higher education studies such as these focus on a phenomenon
specific to the discipline in which it is administered, but, in this case, the phenomenon is
general and unfamiliar to students in most of the courses shown here, with perhaps the
exception of the biochemistry courses, which discuss enzyme binding and active sites in more
detail.

In addition to the sample selection and distribution, we note that the chemistry and
biology courses in which this task was given were transformed. The GCl, GClI, and OCII courses
use transformed curricula (CLUE and OCLUE),>3® which emphasize CMR in frequent homework

activities, recitation activities, and other assessments. Thus, these students may be better
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equipped than students in more traditional chemistry courses to explain this phenomenon.
Likewise, the MB and OB courses at this institution encourage and provide opportunities for
students to explain how and why phenomena occur. It is likely that students at a different
institution would show different engagement in CMR.

Lastly, upon further analysis of student responses to parts 2 and 3 of this task, our
colleagues found a small number (N=18) of responses that were identical to one or more other
student responses (not all 18 were identical). Six of these responses were constructed by
students in the co-enrolled cohort, meaning three students likely copied and pasted their
response. Ten of these students seem to have worked with a classmate (or two) to construct
identical responses, and the remaining two students had unique responses for the PL task, but
their responses to parts 2 and/or 3 were identical to one or more other student responses. We
did not re-analyze all of our data after discovering this, because the numbers were small in each
course. With the activity being completed online, it is not surprising that a few students worked
together or copied an explanation. Thus, while having negligible effects on our results, it is
important to note that [such unobvious examples of] copied and pasted responses will likely

play a role for future studies of open-ended responses in large-enrollment courses.
Conclusion And Future Directions
Causal mechanistic reasoning is applicable across a range of phenomena — and
important for deeper and longer-lasting learning in science. This study emphasized CMR across
the disciplinary boundary of chemistry and biology. Our task (addressing the phenomenon of

preferential protein-ligand binding) requires an understanding of three key ideas: (1) the

attraction of oppositely charged species, (2) the negative or polar nature of specific atoms or
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amino acids in a binding site, and (3) a larger charge (or more polar species) resulting in a
stronger attractive force. These ideas are, ideally, learned early in an undergraduate science
curriculum and used in future contexts such as protein-ligand binding in biology. However,
causal mechanisms in earlier courses like chemistry might not be tied together explicitly within
and across courses. However, each idea, when connected appropriately, can be used to
construct a causal mechanistic explanation and productive prediction for the phenomenon.
The results of analysis from students’ explanations indicate that most explanations were
partially mechanistic, meaning that these students see the relevance of electrostatics in the
phenomenon of protein-ligand binding but need additional guidance in explaining the
preferential binding. Thus, we plan to develop feedback statements that might better support
these students in developing and refining their resources involving electrostatics and structure-
property relationships. However, providing feedback in a timely manner to a large population
of students poses a hurdle we are working to overcome; we may investigate whether peer
feedback or automated feedback could be used to navigate this hurdle. Additionally, the use of
space, as a resource that competes with magnitude of charge to explain preferential binding,
resulted in several rich discussions among our group. A revised activity that better supports
students in choosing appropriate resources (without making it obvious that space is irrelevant)
would be an interesting study. For example, adding a third binding site consisting of three
alanine amino acids (and therefore the most “space” available) might provide additional insight
into student use of this idea as it compares to their use of electrostatics. We encourage others

in the field to further this investigation using related ideas or phenomena.
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Our ultimate goal is to support students’ interdisciplinary learning and mechanistic
reasoning by engaging them in tasks that elicit CMR in the context of phenomena that span
disciplinary boundaries. CMR, as evidenced by our results, is a useful way of thinking that spans
scalar levels and results in powerful predictions and explanations. The work published here is
intended for both chemistry and biology instructors at the undergraduate level. We hope that
these findings encourage our audience to engage students in CMR, because it will support them

in their future lives as scientists and as citizens in an increasingly complex world.
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APPENDIX B. COURSE INFORMATION

Course And Timepoint Selection

To explore how co-enrolled students responded to our task for both their chemistry and
biology courses, we administered the activity to both GCIl and MB, two courses frequently
taken in the same semester. To capture a longitudinal cohort, we administered the activity at
the beginning and end of both MB and OB. Administering the activity in these three courses
provided us with important timepoints for our cross-sectional cohort, but to capture a more
complete picture of the chemistry and biology sequences, we also administered the activity in
GCl, OClIl, BCI, and BCII. We administered the activity to GCl and OCII to collect responses from
students during both the first and last of the introductory chemistry course sequence. We did
not collect “pre” responses from GC1, because this course is typically required for other
chemistry and biology courses, meaning students (at the beginning of the semester) would not
yet have the chemistry knowledge necessary to understand this mechanism. Finally, we also
administered this activity to BCl and BCII students to see how students explained this
phenomenon in the more senior-level courses to which these introductory chemistry and
biology courses lead. We administered the activity to the BCl students at the beginning of the
semester to capture students at the start of the biochemistry sequence. Table 4.6 characterizes

each course with a brief description and required textbooks.
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Table 4.6. Information for each course in which the PL task was administered.

Course Description Number of | Number of instructors Textbook
sections

GCl This first semester general 48 3 aChemistry, Life, the
chemistry course uses a lecture- Universe, and
style format paired with weekly Everything, by Melanie
one-hour recitation sections (led M. Cooper and
by graduate teaching assistants), Michael W.
where students work in small Klymkowsky
groups on activities.

GCll This second semester general 36 2 aChemistry, Life, the
chemistry course uses a lecture- Universe, and
style format paired with weekly Everything, by Melanie
one-hour recitation sections (led M. Cooper and
by graduate teaching assistants), Michael W.
where students work in small Klymkowsky
groups on activities.

ocl This second semester organic 12 1 bOrganic Chemistry,
chemistry course uses a lecture- Life, the Universe, and
style format paired with weekly Everything, by Melanie
one-hour recitation sections (led M. Cooper and
by graduate teaching assistants), Michael W.
where students work in small Klymkowsky
groups on activities.

MB This molecular biology course 6 8 (4 sections had a single | ‘How Life
uses a traditional lecture-style faculty instructor, 2 Works, 2" edition by
curriculum, with in-class sections were team James Morris
activities engaging students in taught by two faculty)
questions that probe how and
why phenomena occur

0oB This organismal biology course 4 5 (3 sections had a single | ‘How Life
uses a traditional lecture-style faculty instructor, 1 Works 2M edition by
curriculum, with in-class section was team taught James Morris
activities engaging students in by two faculty)
questions that probe how and
why phenomena occur

BCI This first-semester biochemistry 1 4 (each instructor taught | 9Nelson, D.L. and Cox,

course uses a traditional lecture-
style curriculum, with in-class
clicker questions about course
content

for a given unit or portion
of the course)

M.M. Lehninger’s
Principles of
Biochemistry
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Table 4.6 (cont’d)

BClI This second-semester
biochemistry course uses a
traditional lecture-style
curriculum, with in-class clicker

questions about course content

4 (each instructor taught
for a given unit or portion
of the course)

dNelson, D.L. and Cox,
M.M. Lehninger’s
Principles of
Biochemistry

a. CLUE?
b. OCLUE3?
c. How Life Works3?

d. Lehninger®
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APPENDIX C. INDEPENDENT T TESTS FOR SAMPLE POPULATIONS

The responses selected for coding were constructed by students that are representative
of their group. We conducted independent samples t tests for seven groups, and the results for
each comparison are shown in Table 4.7. The GPAs for MB and OB represent cumulative GPA at
the start of the term, while GPAs for the chemistry courses represent cumulative GPA for the
course term. We did not include the BCI pre or BCII post groups, since the majority of the
responses collected were also coded. Note: we were missing GPA data from 20 MB pre
students, three OB pre students, six GCl students, one GCllI student, and one OCII student.
These 31 students were not included in the t tests, nor were they coded or used for analyses.
Within the groups of students that were coded, we were missing SAT scores from five MB
students, two OB students, five GCl students, four GCll students, and three OCII students. The
results comparing both GPA and SAT metrics confirm that the students selected for coding are

representative of their respective populations, since there were no significant differences.

Table 4.7. Independent samples t tests results evaluating
the difference between the selected students for coding
and the rest of the students in their representative

group.

Group GPA P value SAT P value
GCl post p=0.146 p =0.525
GClIl post p=0.374 p =0.266
OCIl post p=0.877 p =0.806
MB pre p=0.186 p=0.724
MB post p =0.066 p =0.545
OB pre p=0.765 p =0.465
OB post p =0.195 p=0.179
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APPENDIX D. ENGAGEMENT IN CMR ACROSS DISCIPLINES
In Figure 4.9, we show student engagement in CMR for each course and timepoint
collected for the cross-sectional cohort. The order in which we have placed these courses (left
to right) represents the approximate order in which students might progress through this
sequence; however, some courses are frequently taken at the same time (such as GCIl and MB).
In general, these findings show that students who have progressed through this sequence
engage more fully in CMR, with the BCII post students constructing the most fully CM responses

(and GCI students the least).

Student Engagement in CMR

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
GCll MB OB OdCll

pGoCslt post MB pre post OB pre post  post BCl pre ch!c
H Fully CM 2% 24% 12% 34% 18% 19% 30% 47% 52%
E Partially CM  40% 48% 56% 38% 62% 65% 54% 27% 32%
ONon-CM 58% 28% 32% 28% 20% 16% 16% 27% 16%

Figure 4.9. Proportion of non-CM, partially CM, and fully CM explanations from each
course/time point in the cross-sectional cohort. See N values in Table 4.1.

We also show student engagement in CMR according to discipline (Table 4.8 and Figure
4.10), with the GCI responses removed (since they were shown to not have the appropriate
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resources required to reason causal mechanistically about this phenomenon). There was a
statistically significant difference when comparing all three disciplines (p < 0.001); however, a
pair-wise comparison of only chemistry and biology showed no significant difference in
engagement in CMR between these two disciplines (p = 0.531).

Table 4.8. Pearson's x? test results exploring the relationship between chemistry, biology,
and biochemistry student engagement in CMR.

Comparison x? Value p Value? Cramér's Vb

Chemistry, Biology, and 21.246 p <0.001 0.175
Biochemistry

1.267 p?=0.531 0.067
Chemistry and Biology

10.107 p°=0.006 0.247
Chemistry and Biochemistry

20.800 p°<0.001 0.291

Biology and Biochemistry

a. Bonferroni-adjusted a = 0.017
b. Suggestions for interpreting Cramér’s V3%: small - 0.1, medium - 0.3, large - 0.5



Student engagement in CMR according to discipline
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Figure 4.10. The percentage of non-CM, partially CM, and fully CM responses according to
discipline (GCI responses removed).
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APPENDIX E. CHEMISTRY GPA DESCRIPTIVE STATISTICS

Table 4.9. GCl, GCIl, and OCIl Mean GPA and SAT Scores.

GPA SAT
Course Mean Std. Deviation Mean Std. Deviation
GClI 3.514 0.3964 1165 137.772
GCll 3.472 0.4338 1236 137.838
ocl 3.490 0.4639 1239 123.140
Total 3.492 0.4297 1213 136.478

GPA
w

GClI GClI odil

Figure 4.11. Box plots showing the distribution of GPA values in each of the three chemistry
courses (N = 50 for each course).
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Figure 4.12. Box plots showing the distribution of SAT scores in each of the three chemistry
courses.
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Chapter V — How Do Different Groups Of Students Engage In CMR
About Protein-Ligand Binding?

Introduction

Course culture emerges from an amalgamation of instructional practices, materials,
social interactions, physical environment, etc., and can have a profound an impact on students
(be it their motivation, experiences, success, etc.). Assessments are an important aspect of
course culture, because they send a strong message to students about what is valued and
important in a course or discipline®. Thus, as educators, we must think deeply about the types
of assessments we use. There is strong evidence suggesting that some assessments, such as
high-stakes multiple-choice exams, disproportionately and negatively affect marginalized
students?3. Further, these types of assessments (rote knowledge or calculations) provide poor
evidence about what students know and can do. On the other hand, items that are carefully
designed to elicit deep reasoning (such as constructing explanations or engaging in other
scientific practices) give instructors a much more reliable idea of what their students know?*.
Using appropriately designed assessments not only provides instructors with trustworthy data,
but it also gives the students the opportunity to engage in scientific practices (i.e., the ways in
which scientists use their knowledge). Further, courses that frequently assess students’
engagement in scientific practices by asking them to construct explanations or models, result in
students being more likely to identify the goals of the course in alignment with instructor
goals®. Bowen (2022) administered open-ended prompts, to students in both transformed and
traditional Organic Chemistry (OC) courses, asking students how they perceived they were

expected to think and how they were assessed, finding that students in the transformed course

87



were more likely to perceive the expectation of “Use of Knowledge”, whereas students in the
traditional course more often reported rote learning or memorization®.

Knowing that the types of assessments we use have an impact on student success, it is
important to pay close attention to the design and implementation of equitable assessments.
That is, assessments that engage students in scientific practices and emphasize core ideas
rather than those assessing rote knowledge or skills, which provide little evidence about
student knowledge. Courses that include and emphasize these types of assessments begin to
deconstruct the barriers that often exclude historically marginalized students. For example, the
CLUE curriculum, a transformed general chemistry curriculum that frequently engages students
in three-dimensional learning via homework, recitation, and other assessments’, provides an
environment in which more students than the previously implemented traditional curriculum
(which assessed surface-level recall/calculations of a broad range of topics) are successful?.

Our aims focus on developing and administering tasks that engage students in
mechanistic reasoning, which, when emphasized on assessments, has been shown to be more
equitable than assessments emphasizing calculations or rote knowledge3. Mechanistic
reasoning (MR) serves as a thinking strategy that involves explaining how and why a target
phenomenon occurs by identifying relevant (often lower-level) entities and their
interactions/properties/activities and linking these ideas to the phenomenon®2, This thinking
strategy is useful, because, when practiced, it may better prepare students for a world in which
they can make informed predictions and decisions. For example, reasoning about how and why
vaccines are (or are not) effective results in a more confident, informed decision about whether

to be vaccinated. With many data sources and media at our fingertips, it is imperative that we
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help students develop useful thinking strategies (and metaknowledge — that is, thinking about
knowledge; for example, what counts as knowledge or what makes someone a knower).

We use a modified version of evidence-centered design, as outlined by Mislevy?3, to
design tasks that support students’ mechanistic reasoning and elicit reliable evidence of their
use of conceptual and epistemic resources when explaining/predicting phenomena. This
process is outlined by Noyes et al.4, explicating the design of a task (and coding scheme) about
protein-ligand binding. We collected responses to this task from students in a range of
chemistry and biology courses and characterized their engagement in causal mechanistic
reasoning (CMR). We found that some students did not engage in CMR, while others did so
either partially or fully, with the Fully CM responses correlating to more accurate predictions,

pointing to the power and utility of this reasoning strategy®.
Research Questions

In this study, we are interested in how students with different demographic
characteristics engage in CMR about preferential protein-ligand binding. In our earlier work, we
investigated how students in different courses engaged in CMR and what resources they used
when completing this task'>; however, we did not have a large enough sample of coded
responses to disaggregate the data and compare across student demographics. We do so here
to answer the following research questions:

1. How do males and females compare in their engagement in CMR about protein-ligand
binding?

2. How do White students compare to Non-White students in their engagement in CMR
about protein-ligand binding?
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3. To what extent do cumulative GPA, (binary) gender, and race/ethnicity predict student

engagement in CMR?
Methods

In this section, we describe the context and methods used to conduct this study. We
used a previously developed mechanistic reasoning task and corresponding coding scheme to
group students from a range of courses according to their engagement in CMR*%>, The
interdisciplinary task focuses on protein-ligand binding, a phenomenon relevant in both
chemistry and biology. It was developed with the goal of helping students to build connections

between chemistry and biology via reasoning mechanistically about phenomena.

Task And Coding Scheme

Noyes et al. (2022) described the development of the task and the coding scheme,
which Franovic et al. (2023) used to show how students in a range of courses engage in CMR
about protein-ligand binding. Here, we briefly describe these findings in order to provide the
context for the analysis done in the present study. Should the reader need additional details
about this prior work, we direct them to Noyes et al. (2022) and Franovic et al. (2023) (Chapter
IV in this dissertation).*#1>

PL Task

The protein-ligand binding task, hereon referred to as the PL task, asks students to
predict which of two hypothetical protein binding sites a positive Mg?* ion would most likely
bind. The students are shown the two binding sites and asked to draw the Mg?* ion in the site it
would most likely bind; then, they are prompted to explain what causes the Mg?* to bind and

why the structural differences cause this difference in binding (Figure 5.1). A mechanistic
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explanation for this phenomenon should leverage productive resources regarding the core idea
electrostatic bonding and interactions as well as the implicit properties of atoms/molecules
shown in the binding sites. For example, the student should recognize that the oxygens in
Version 2 carry partial negative charges, which would attract the positive Mg?* ion; further,
Version 1 only has one oxygen, so Version 2 would have a larger negative charge (or more polar

amino acids) and therefore attract the Mg?* more strongly.

The drawings below represent binding sites in two different versions of protein M showing only the atoms in relevant amino
acid side chains. Considera positively charged magnesium ion (Mg2*). Pick the binding site you think is most likely to bind
the magnesium ion and drawthe ion in the binding site showingwhy it is bindingin that site.

Explain what causes the magnesium ion to bind to the protein making specific references to your drawing.

Explain why the protein you chose has the better magnesium binding site and how the structural differencesin the site
cause this differencein binding.

Figure 5.1. The full PL task (also shown in Figure 4.1 in Chapter IV of this dissertation).

We designed the holistic coding scheme through the lenses of Krist et al.’s framework
for MR® and Hammer’s resources perspective of knowledge construction!®. With these
perspectives and our interest in characterizing the degree to which students engage in CMR, we
characterized student responses as (1) non-causal mechanistic (CM), (2) Partially CM, or (3)
Fully CM. We characterized the responses in this way based on the presence or absence of

three key ideas for this phenomenon: (1) opposite charges attract, or polar entities attract
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charged entities, (2) identification of a negative/polar atom, amino acid, or functional group,

and (3) a larger negative charge (or more polar binding site) more strongly attracts the Mg?*

(i.e., the magnitude of charge impacts the strength of attraction/binding). If all three of these

ideas were present in a student’s response, we coded it as Fully CM; if only one or two of the

ideas were present, we coded it as Partially CM; and if the response did not provide evidence of

any of the three ideas, we coded it as Non-CM. Table 5.1 shows each code, a description of the

requirements to get that code, and an example student response. For a more detailed

description of the coding scheme and less frequent themes that emerged in student responses,

we refer the reader to Franovic et al. (2023). For the purposes of this manuscript, we are solely

interested in how different students engaged in mechanistic reasoning.

Table 5.1. PL coding scheme.

understanding/leveraging all three key
(mechanistic) ideas. The student identifies one or
multiple lower-level negative/polar entities,
explains the attraction between negative and
positive charges, and explains that a larger
charge will result in a stronger attraction.

Code Description Example student response
Non-CM No evidence of any key (mechanistic) ideas. The “This protein has the better magnesium
response does not identify a negative/polar binding site because its easier to bind and
entity, does not indicate that opposite charges the structural differences in the site causes a
attract, and does not leverage magnitude of difference because it makes the structure
charge to predict preferential binding. longer. The extra carbon helps the
magnesium ion to bind to the protein.”
Partially CM | Evidence of only one or two key (mechanistic) “I picked version one to bind Mg?* to O. This
ideas. Most responses in this category identify is because O is usually negatively charged, so
oxygen as being (partially) negative and there is a high chance that it will bind to the
attracting the Mg?* ion. Mg which is positively charged. According to
Coulomb’s law, opposite charges attract.
This is why I think Mg?* will bind with O0.”
Fully CM Response provides evidence of “The magnesium ion would bind to Protein

M version 2 because the oxygens have lone
pairs of electrons which would create a
partially negative charge and draw in the
positively charged magnesium ion. Protein M
version 2 has a better magnesium binding
site than the Protein M version 1 because
there are more lone pairs of electrons
available in Protein M version 2.”
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Participants And Data Collection

For this study, we used the same student responses collected by Franovic et al. (2023),
which we characterized according to the coding scheme in Table 5.1; however, in this work, we
focus only on four mid-level courses: second-semester General Chemistry (GC2), Introductory
Cell and Molecular Biology (MB), Organismal Biology (OB), and second-semester Organic
Chemistry (OC2). All PL task responses analyzed in this study were collected (as an extra credit
opportunity) at the end of the Spring 2020 semester via an online assessment platform called
beSocratic, which is set up similar to PowerPoint in that students work through a series of slides
where they can draw and construct explanations?’. Students could choose to opt out of the
study and still complete the task for extra credit; we removed these responses from our
analysis. We gathered demographic information from the institution’s registrar’s office. We
randomized (using a random number generator) and deidentified all responses by assigning an
ID# (1001 — 5092) — this random ID# was the only identifier that coders (authors CF, KN, and DL)
could see while coding. Franovic et al. (2023) analyzed 181 responses from these four courses?>;
however, in order to do a more thorough demographic analysis, we needed to code additional
responses for a sufficient sample size (as this institution is predominantly White). After
removing 7 responses that showed up as duplicates or blanks during coding, we ended with a
total of 1,063 total coded responses for this analysis. We compared the coded responses from
Franovic et al. (2023) (N = 181) to the additional responses we coded for this manuscript (N =
882), and there was no difference in the engagement in CMR for all courses except GC2, which

showed a negligible difference (p = 0.008, Cramer’s V = 0.119 (small*8)). Therefore, for this
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manuscript, we combined the two sets of data (total N = 1,063) to maximize the number of

responses representing each course. These numbers are listed in Table 5.2.

Table 5.2. Number of responses coded from each course.

Course Number of responses
General Chemistry 2 (GC2) 533
Organic Chemistry 2 (OC2) 174
Cell & Molecular Biology (MB) 197
Organismal Biology (OB) 159
Student Demographics

We collected student demographic information in accordance with our IRB and the
institution’s registrar’s office policies (and FERPA regulations). The data we requested include
cumulative GPA, race/ethnicity, and gender (binary, m/f). Table 5.3 provides race/ethnicity,
gender, and course information for the responses, as these are the variables we used to answer
the RQs. The information here is limited, because it consists of previously determined
selections. For example, while gender is not binary, the registrar information has it listed as
such, limiting the ways in which students can identify. While these limitations exist, this work
provides a glimpse into how our MR-focused tasks are completed by different groups of
students. We used IBM SPSS Statistics Version 28° to calculate Pearson’s Chi Square
significance and Cramer’s V effect sizes?® for the following results, which compare (1) female
students to male students and (2) White students to Non-White students. Then, we used IBM
SPSS Statistics Version 28 to calculate an ordinal regression general linearized model that
considers three independent variables: GPA, gender, and race/ethnicity, to identify which (if

any) of these variables contributes to the model in predicting student engagement in CMR.

94




As noted, these students were enrolled in either GCIl, MB, OB, or OClII, so they represent
students in a range of curricular stages. We found there to be a negligible difference across
courses in engagement in CMR (x? = 17.565, p = 0.007, Cramer’s V = 0.091 (small)), which is
consistent with findings from Franovic et al. (2023). A one-way analysis of variance showed that
cumulative GPA was higher for the females (3.538) than males (3.440) (p = 0.002)), and higher

for White students (3.555) than Non-White students (3.389) (p < 0.001).

Table 5.3. Race/ethnicity identification based on gender identification and course. All post
responses.

Gender Course Total
Race/ethnicity Male Female GCll MB OB OocCll
American Indian/Alaskan
Native (non-Hispanic) 0 2 0 2 0 0 2
Asian (non-Hispanic) 39 54 54 15 14 10 93
Black 17 48 29 10 13 13 65
Hawaiian 0 1 1 0 0 0 1
Hispanic 13 39 23 11 12 6 52
International 33 23 37 5 7 7 56
Not reported 6 15 13 5 2 21
Two or more races (non-
Hispanic) 12 27 20 8 3 8 39
White (non-Hispanic) 258 476 356 141 109 128 734
Totals 378 685 533 197 159 174 1,063

Results And Discussion
RQ1 - How Do Males And Females Compare In Their Engagement In CMR About Protein-
Ligand Binding?
To answer this research question, we show here the number and percent of female and

male students that constructed Non-CM, Partially CM or Fully CM responses. In this data set,
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378 students identified as male, and 685 students identified as female (total = 1,063 students).
When comparing male and female engagement in CMR for the PL task, we found there was no
significant difference (x?> = 3.942, p = 0.139). Figure 5.2 shows the distribution of male and
female Non-CM, Partially CM, and Fully CM responses. This suggests that the PL task is
equitable, in terms of difficulty, for males and females — that is, neither group constructed more
Fully, Partially or Non-CM responses than the other. This is in alignment with previous work
suggesting that mechanistic reasoning assessment items result in more equitable outcomes for

students.3

Gender
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34.9%

29.1%

@ Male HMFemale

Figure 5.2. Male vs. Female engagement in CMR for the PL task.
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RQ2 - How Do White Students Compare To Non-White Students In Their Engagement In CMR
About Protein-Ligand Binding ?

To answer RQ2, we compared the engagement in CMR between White students (N =
734) and Non-White students (N = 329) using a Pearson’s x? calculation, finding a negligible
difference (x*> = 11.722, p = 0.003, Cramér’s V = 0.100 (small)), with a slightly greater percentage
of White students constructing Fully CM responses. That is, while the statistical test was
significant, the small effect size renders this difference negligible?°. When running a pairwise
comparison, comparing White students to Black, Asian, Hispanic, and students of Two Or More
Races, there were no significant differences observed (Table 5.4). Figure 5.3 shows the
distribution of Non-CM, Partially CM, and Fully CM for all race/ethnicity categories except

American Indian and Hawaiian, as there were so few students (N = 3 and N= 1, respectively).

Table 5.4. Statistics.

Comparison groups Chi-square p value Cramer's V
Non-White vs. White 11.722 0.003 0.100
Black vs. White 7.249 0.027 0.091
Asian vs. White 8.895 0.012 0.099
Hispanic vs. White 3.017 0.221 0.059
Two or more vs. White 1.93 0.381 0.048
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Engagement in CMR by race/ethnicity
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Figure 5.3. Distribution of Non-CM, Partially CM, and Fully CM responses across race/ethnicity
groups.

We posit that these findings support the advancement of equity through use of MR
tasks in courses that are either fully or partially transformed to emphasize this thinking
strategy. Other courses at other institutions may show different results across gender and
race/ethnicity.

RQ3 - To What Extent Do Cumulative GPA, (Binary) Gender, And Race/Ethnicity Predict
Student Engagement In CMR?
For research questions 1 and 2, we were interested in providing a general picture

comparing two demographic characteristics in the context of student engagement in CMR
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about protein-ligand binding; however, to gain a more reliable understanding of the impact (if
any) these characteristics have on engagement in CMR, we now answer research question 3.
We calculated an ordinal regression (or proportional odds logistic regression) general linearized
model to predict the outcome variable (engagement in CMR) based on three independent
variables: cumulative GPA, binary gender identification, and race/ethnicity. Because of the
small number of students in each Non-White category, we combined these races/ethnicities
resulting in two categories (White and Non-White) for this variable. Cumulative GPA was
treated as a continuous covariate variable.

The calculated model (with predictors) fits significantly better than the intercept-only
model (p < 0.001), and all assumptions were met. Our results showed that both GPA and
race/ethnicity are significant predictors of student engagement in CMR (code), while gender is
not. GPA is the strongest predictor, as it had the highest estimate value (0.613). That is,
students with a higher cumulative GPA have 0.613 higher odds of being in a higher category. On
the other hand, there is a small negative association with race/ethnicity identification (p =
0.014). The estimate in the model for race is -0.308, which indicates that, compared to White
students, being Non-White decreases the log odds of being in a higher category by 0.308. The
estimate for race/ethnicity, however, was half as small as that for GPA, indicating that GPA is a
stronger predictor of student engagement in CMR. Further, an ANOVA test comparing White
and Non-White GPA showed that, for this group of students, White students had a significantly
higher GPA than Non-White students. Thus, we posit that GPA is the most reliable predictor for

determining student engagement in CMR. Gender identification had no effect (Table 5.5).
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Table 5.5. Ordinal regression parameter

estimates.
Estimate p value
GPA 0.613 p <0.001
Gender -0.102 p =0.397
Race/ethnicity -0.308 p=0.014
Conclusions

In this study, we coded 800+ student responses to analyze alongside those that we
coded and reported in Study 1. We conducted this study in order to advance equity efforts in
education by disaggregating the results and reflecting on student outcomes. Mechanistic
reasoning assessment items, when used extensively on exams that contribute to course grades,
have been shown to result in more equitable outcomes for students (i.e., more students pass
the course).? The PL task that we used was carefully designed to promote student use of
productive ideas to construct mechanistic explanations; however, students in chemistry and
biology courses engaged in CMR to varying extents. Some students did not include any key
ideas to explain this phenomenon (Non-CM), while others included all key ideas, constructing
Fully CM responses.

Using the coded responses, we grouped students based on their engagement in CMR
and then compared whether there were differences between binary gender identification
(male vs. female) or race/ethnicity (White vs. Non-White). While there was a small difference
between White and Non-White student responses, there was no difference between male and
female students. The most significant and reliable predictor of student engagement in CMR,
according to an ordinal regression model, was cumulative GPA. Since this group of White

students had a higher GPA than the Non-White students, it is likely that any differences seen
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between White and Non-White responses are actually driven by the differences in GPA. This
poses an additional challenge and implication, outside of the scope of this study. To address
why Non-White students have lower cumulative GPAs than White students would involve larger
systemic efforts. Another factor to consider, however, is how course grades are determined

and the relative weighting of high-stakes exams (or summative assessments) and low-stakes
assessments such as homework and recitation activities that encourage students to use and
apply their knowledge without penalties based on correctness. We encourage instructors to
consider using frequent, formative assessments that engage students in reasoning strategies
such as mechanistic reasoning, providing credit based on a good-faith effort rather than
correctness, as this likely promotes the free flow of ideas between peers and instructors, ideally

advancing diversity, equity, and inclusion.

Limitations

The institution from which we collected responses has been engaged in the
transformation of undergraduate chemistry and biology courses, with a focus on opportunities
for students to use and apply their knowledge by engaging in scientific practices; thus, the
student participants in this study may not be representative of students from other institutions.

These data were collected in Spring 2020, the semester in which the COVID-19
pandemic hit the United States. All courses moved to an online format in the middle of the
semester. It is likely that many students had negative experiences during this time, which may

have impacted their explanations and the data reported here.
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Chapter VI — How Do Instructors Explain The Mechanism By Which
ATP Drives Unfavorable Processes?

Preface

In this study, we investigate how chemistry, biology, and biochemistry instructors
explain and teach the mechanism by which ATP drives unfavorable processes. This research has
been previously published in the CBE Life Sciences Education Journal and is reprinted with
permission from Franovic, C. G.-C.; Williams, N. R.; Noyes, K.; Klymkowsky, M. W.; Cooper, M.
M. How Do Instructors Explain The Mechanism by Which ATP Drives Unfavorable Processes?

CBE Life Sci Educ 2023, 22. https://doi.org/D0I:10.1187/cbe.23-05-0071.

A copy of the licensing agreement (with permissions) is included in Appendix A.

Supporting Information for this manuscript is included in the Appendix.
Introduction And Background

A History Of Educational Research Involving ATP

It could be argued that no scientific topic has been more widely used and less well
understood than energy. Although it is difficult to define?, energy plays a critical role within
individual disciplines and as a crosscutting concept that transcends disciplines?3. Given its
central position, one might imagine that the concept of energy could provide a unifying
framework through which to support connections between scientific disciplines. However, most
disciplines have adopted siloed approaches to thinking about energy, contributing to the
unfortunate fact that energy is a notoriously difficult topic for both students and instructors to
grasp in a useful and productive way?*-®. These difficulties are exacerbated when studying

molecular-level phenomena, which involve unfamiliar symbols and is often based on non-
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intuitive ideas, for example, “hydrophobic interactions” are attractive and not repulsive?. One
of the most well-documented, problematic ideas about energy is the belief that breaking
chemical bonds or non-covalent interactions releases “energy” into the surroundings when, in
fact, the opposite is true. For nearly 50 years, researchers have documented the widespread
presence of this misconception and tried to develop instructional approaches that support a
more accurate understanding of energy>’~>. According to this work, one molecule appears to
contribute significantly to the issue: adenosine triphosphate or ATP, a key molecule in biological
systems. ATP plays a central role in cellular metabolism. It is frequently described as the
“energy currency” of the cell, storing energy so it may later be used to allow thermodynamically
unfavorable processes to proceed®®8, In this paper, we refer to ATP as an energy “carrier” or
“source” interchangeably. We also frequently discuss driving unfavorable processes as a more
general term that includes driving unfavorable reactions (a more specific process that can be
discussed at the molecular/chemical level).

The role of ATP as the link between energy storage and use in the cell was first proposed
by Fritz Lipmann®2%, which contributed to his Nobel Prize in 1953. Lipmann discussed the
“energy-rich” bond between phosphate groups and noted that the hydrolysis of these groups
could release a large amount of heat. Unintentionally, this led to the logical, but incorrect,
simplification that it is the breaking of this energy-rich bond in ATP which releases energy. This
idea directly contradicts the fact that energy is required to overcome (to break) the stabilizing
attractive interactions of covalent bonds and non-covalent interactions.

Thus, in chemistry and biology courses, we may be offering contradictory descriptions of

the same phenomena—a situation that can result in didaskalogenic (that is, instruction-
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induced) misunderstandings that prevent students from developing a coherent and productive
understanding of energy. Consider this quote regarding bonding and energy from Kohn et al., in
which an undergraduate student concurrently enrolled in chemistry and biology courses said: “/
know for biology what [the instructor] wants us to say and then for chemistry what we have to
say”?'. With all the confusion surrounding energy, bonds, and ATP, it is worth considering
whether there is a more useful way to talk about ATP. More specifically, how can we talk about
ATP in a way that is both productive in biology and in alignment with student understanding of
chemical principles?

In the 1970's, Novick (1976) published one of the first studies documenting the presence
of the “misconception” about bonds and energy among university students'3. He found that
when asked to provide a molecular interpretation of how “fats supply energy to the body”, the
majority of students suggested that energy was stored within chemical bonds that could be
released when the bond was broken. Specifically, these students often referenced the bonds
within ATP. For example, one student explained that “the breakdown of fats produces a source
of energy in the form of molecules (ATP), having special bonds which, when broken, release
energy.” Since then, other studies have expanded upon this work, providing additional evidence
for confusion among students regarding the energy associated with the functional roles of ATP
in biological systems®112.14,

More recently, researchers have moved beyond documenting student
misunderstandings about bond energies and ATP, to proposing instructional solutions to these
issues®1015 The common thread across these efforts has been to explain how and why energy

is released during ATP hydrolysis (that is, the reaction of ATP with water to form ADP and
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inorganic phosphate), by leveraging bond energies more appropriately. Specifically, the focus of
these efforts lies on how instructors can provide consistency in the way bond energies are
discussed across disciplines or, at the very least, help students avoid developing misconceptions
about how and why this reaction releases energy. The results show that, with a clear focus on
these ideas, students can develop a more canonical understanding of why ATP hydrolysis is
accompanied by release of energy (i.e., more energy is released upon bond formation, due to
electrostatic attractive forces, than is required for bond breaking). However, focusing on the
energy release of ATP hydrolysis may generate its own unproductive ideas, because in cellular
systems, a negligible amount of energy is actually “released” to the surroundings. Rather, these
systems have evolved such that energy is transferred (or used) both within and among systems
and their components. In fact, many ATP-dependent processes involve phosphorylation of a
molecule or protein and, thus, do not involve an ATP hydrolysis step, e.g., glutamine
synthesis??%3 or Ca?* protein pumps?*2’. For those reactions in which ATP hydrolysis is involved,
for example the FO-ATPase proton pump, the hydrolysis step does not provide the major driving
force for the process?®-33,

Perhaps even more importantly, if we invoke ATP hydrolysis by emphasizing energy
release, this approach provides no mechanism for how the energy is transferred among
components in biological systems. If ATP hydrolysis occurred in isolation, it would lead to an
increase in the overall temperature of the system—an inefficient and non-specific way to speed
up favorable reactions and to drive unfavorable processes (to say nothing of the effects on the
organism). We are not the first to note this disconnect. As early as 1970, researchers outside of

the educational field noted that “the original concept put forward by Liomann was ill-founded
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and that its effect is to divert attention from the genuine problem of the mechanism of events in
which ATP takes part”34. Carusi (1992) noted that most textbooks provide no explanation for
how the energy released from “high-energy” bonds is coupled to the unfavorable reactions
they drive, lamenting that without this mechanism “the student is left in the dark waiting to
learn how the free energy available from these compounds actually is transferred and
utilized”3>. While this paper is over 30 years old, and the mechanisms by which ATP drives these
reactions has perhaps made it into some textbooks, current research shows the way ATP is
discussed and represented (most often as the hydrolysis of ATP) in commonly-used textbooks is
ripe with issues3®, emphasizing the need for additional work investigating instructional practices
and materials associated with ATP.

Our work aims to address this educational gap by exploring common themes in the
mechanisms by which ATP drives unfavorable processes. Thus, we leverage mechanistic
reasoning, which can be used as not only an explanatory and predictive thinking strategy, but
also an instructional emphasis intended to provide students with a productive understanding of

the roles of ATP in biological systems.

Mechanistic Reasoning
There is emerging consensus in science education literature that mechanistic reasoning
—that is, how and why phenomena occur — should be practiced by students and implemented
in course design and instruction®3773%, Not only does mechanistic reasoning provide students
with ways to explain and predict phenomena, but also, as recently shown, assessments
incorporating mechanistic reasoning are more equitable than more traditional test items that

focus on procedural/mathematical skills or rote knowledge?°. Thus, we argue that explicitly
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discussing the mechanisms by which biological systems act would be useful for all students, and
specifically introductory biology students*#2, Many molecular biologists and biochemists spend
their time searching for and/or predicting cellular mechanisms, thus providing students the
opportunity to engage in this practice in their courses is a useful endeavor. For these reasons,
we posit that research intended to help students develop a mechanistic understanding of how
ATP functions in cellular systems, is a valuable area of investigation.

In earlier publications***4, we used the mechanistic reasoning framework proposed by
Russ et al. and elaborated on by Krist et al.*>*%, According to Krist et al., mechanistic reasoning
is an epistemic heuristic, or thinking strategy, that can be leveraged across all science
disciplines and, when used appropriately, results in powerful (testable) predictions. Russ, Krist,
and others*?4748 broadly define mechanistic reasoning as reasoning about how and why
phenomena occur by identifying relevant (often lower scalar level) entities, the
properties/activities of those entities, and how behaviors or interactions of the entities link
together and give rise to the phenomenon under consideration. However, while this approach
is successful for relatively simple phenomena®*4°°, such as phase changes or chemical
reactions, no published work to our knowledge has investigated its effectiveness for more
complex biological phenomena. These complex phenomena often span several scalar levels and
require ideas from more than one discipline, making it more difficult to identify the level of
depth at which an explanation is appropriate®!. Further, recent work in our group has shown
that students struggle to reason mechanistically about complex phenomena, such as that of

protein-ligand binding at both the biochemical and population levels®2.
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One of the challenges learners encounter when crafting an explanation is determining
the necessary and sufficient depth for their explanation. For example, if we consider the role of
ATP in driving unfavorable processes, there are a number of valid approaches that can be used:
(1) we might think macroscopically about the overall reaction and how the hydrolysis of ATP
releases a larger amount of energy than that required to drive the unfavorable reaction —an
approach that typically involves thermodynamic calculations using Gibbs free energy; (2) we
might approach the problem at the molecular level, invoking the idea of ATP as a
phosphorylating agent, leading to a more reactive common intermediate, which then reacts to
produce the product; (3) we might use a systemic approach to explain how the cell generates
and maintains a relatively high concentration of ATP, thereby increasing the rate of collisions
between ATP and the reactant, pushing a sequence of reactions forward; (4) we might consider
the sub-atomic level, i.e., the electron distributions of the participating entities and how a
nucleophilic substitution reaction with ATP and a substrate occurs as a result of electrostatic
forces and interactions (an approach that may be more suitable in organic chemistry and more
advance biochemistry courses); or (5) we might consider reactions in which the three-
dimensional structure of an enzyme is altered by the binding of ATP as opposed to the situation
when adenosine diphosphate is bound. Deciding the appropriate level and type of explanatory
depth can depend on several factors including, for example, the content knowledge available to
the explainer, that of the student, the discipline and course level in which the question is posed,
or simply the question being asked.

In undergraduate science courses, the weight of identifying what to explain

mechanistically (i.e., deciding sufficient depth) and in turn, what to expect of students typically
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falls on the instructors. How then do these instructors think about the mechanisms by which
ATP drives unfavorable processes? What mechanisms do they emphasize during instruction
when explaining how ATP “works”? These were the questions we were interested in exploring

in this study.

Purpose And Research Questions

We interviewed instructors who had taught undergraduate courses in biology,
chemistry, and/or biochemistry with the aim of gaining insight into instructor and disciplinary-
expert understandings and explanations about energy, in particular how ATP provides the
energy needed to drive unfavorable processes (i.e., how does ATP “work”). On its own, the
statement “ATP drives unfavorable processes” is an explanatory black box, or a unit within an
explanation that remains unexplained>, which might be unpacked using different approaches
(such as explaining the mechanism of energy release or energy transfer) during instruction.
Black boxes have historically carried a negative connotation; however, in this work, we
recognize the necessity and utility of explanatory black boxes, particularly for complex
phenomena which consist of many “mechanisms within mechanisms”, to explain all of which
would be tedious and unproductive®!. The findings we discuss here can support the
development of alternative curricular materials (such as formative assessments) that better
support students’ mechanistic understanding of the role of ATP in driving unfavorable
processes, as well as their understanding of energy.

While our aim was to investigate how instructors explain and think about the
mechanism(s) by which ATP drives unfavorable processes, most participants also revealed

personal experiences, providing affective insights about teaching ATP in their course(s). Thus,
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we address three different research questions, the first two capturing our initial goal and the
third as an artifact (bonus) that emerged from these rich discussions:
1. What ideas did instructors leverage when discussing ATP?
2. In what ways do instructors use these ideas to discuss how ATP drives unfavorable
processes?
3. What teaching experiences did molecular biology instructors share regarding ATP in
their course(s)?
In this analysis, we do not intend to portray any instructors as superior or inferior based
on how they unpacked this phenomenon during their interviews. Rather, we share several
excerpts which sparked deep discussions among us and potential avenues for future research in

biology education.
Methods

Participants

Between 2018 and 2020, we conducted semi-structured interviews with 15 instructors
of undergraduate courses in biology, chemistry, and/or biochemistry. We used a convenience
sampling approach to select these instructors, soliciting participation from instructors with
whom we were familiar. All participants consented to the interview in accordance with our IRB
protocol. The instructors were not compensated for participating in these interviews. To
protect the identity of each participant, we use pseudonyms and gender-neutral pronouns
(they/them) throughout this manuscript. Table 6.1 provides the pseudonym, primary course

taught, primary research (if applicable), interviewer, and the interview medium. All instructors
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were from one large, public, research-intensive midwestern university, except Dracaena, who

was from a public, mid-sized (~25,000 students), midwestern university.

Table 6.1. Participant information.

chemistry

Pseudonym Primary Course Primary research Interviewer Interview medium
Introductory Molecular . .

Eucalyptus® . Physiology; Education KN In-person
Biology (MB)

Ficust Introductory MB Education KN In-person

Jade® Introductory MB Education KN In-person

Lily® Introductory MB n/a CF Zoom

MonsteraP® Introductory MB Evolutionary biology KN In-person
Introductory Organismal .

Myrtleb . Education KN In-person
Biology

Olive® Introductory MB Education KN In-person

. . Computational
Dracaena®c Biochemistry . . CF Zoom
biochemistry

[vybe Biochemistry Education CF Zoom

Philodendronbe Advanced Biochemistry Structural biology KN In-person

Basil® General Chemistry Education KN In-person

Fig® General Chemistry n/a KN In-person

Ginkgo°® Physical Chemistry Physical chemistry CF Zoom

Orchid® General Chemistry Education KN In-person

. Theoretical physical
Pothos® Honors General Chemistry KN In-person

Instructors listed according to discipline (green® = biology, bluebc = biochemistry, grey¢ = chemistry)
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Data Collection

Authors CF or KN conducted semi-structured interviews, which allowed for the inclusion
of our interests as well as authentic ideas from participants, either in-person or via the online
meeting software Zoom (Table 6.1). In these interviews, we explored how the instructors think
about sources of energy in their course/discipline, and the role(s) of ATP in such systems. To
start each interview, we asked them about the courses they teach, and to describe how they
think about energy in chemical and biological systems. We began with these general questions
to ease into the more complex discussions that emerged when we asked how they think about
the mechanism(s) by which ATP is used as an energy source (Figure 6.1 shows this general

interview protocol, and Appendix B provides the entire protocol).

Course details

Context

Big 1deas Chemical/biological  |(UIICLEEERY

”

petspectives How do you think about
the mechanism by which

Curriculum ATP is used as an energy

source?

Figure 6.1. Qutline of the semi-structured interview protocol.
In this study, we focused on their explanations of how ATP “works”. Typically, this
occurred in response to the question: how do you think about the mechanism by which ATP is

used as an energy source? In addition to their thoughts about the mechanism, we asked if/how
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they teach these ideas in their course(s). Some participants also discussed ATP and its role prior
to our interview questions (unprompted).

We recorded the audio of each interview and transcribed them using either Express
Scribe, software that facilitates human transcription of audio, or Otter, an automated
transcription software. A second researcher read through each transcript while listening to the
audio recordings to edit the transcript in order to confirm that it accurately captured the

dialogue from each interview.

Positionality Statement

We intend to be as transparent as possible in presenting this work by stating our
positions, which impacted both the data collection, analysis, and interpretation. Authors CF and
KN were graduate students when conducting all interviews, placing them as “subordinate” to
the faculty participants; however, as interviewers, we recognize our position of power in
knowing the questions and topics to be discussed. To mitigate the effects of this position, we
spent the first part of each interview establishing trust with the participants and engaging in
casual conversation prior to recording. Second, all authors believe in the importance of using a
mechanistic reasoning approach to teach and learn about scientific phenomena — it has been a
driving force in various course redesign projects initiated by authors MWK and MMC>3->>, Thus,
we view mechanistic reasoning as a more productive way of thinking about science when
compared to rote memorization or knowledge as a set of facts. In leading up to this study, we
consulted the literature and thought deeply about the mechanisms of ATP in cellular systems.
Thus, we had pre-existing ideas about what the participants might discuss when we asked them

to explain the mechanism by which ATP drives unfavorable processes and the degree to which
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they align with previously studied biological mechanisms. Specifically, the idea that ATP
hydrolysis (i.e., the energy release mechanism) does not address the mechanism by which
energy is transferred to the system to drive the unfavorable processes. These pre-existing ideas
consciously and subconsciously shaped our analysis and, therefore, should be acknowledged.
We did, however, share this analysis with scholars outside of our group for input and/or other
interpretations. Lastly, our disciplinary identities include a range of chemistry and biology
backgrounds.
Data Analysis
Research Question 1

To identify the different ideas instructors leveraged when discussing ATP, we analyzed
the full interviews using MAXQDA 20205, a qualitative data analysis software. We began our
analysis by first familiarizing ourselves with the data — that is, authors CF, KN, and MMC read
through each interview multiple times, recording notes and questions, and discussed our
findings®’. These discussions informed the open coding conducted by authors CF and NW, in
which they open-coded the interviews in sets of three, compared generated codes, and began
coding scheme development. At this point in coding, we decided to narrow the scope of our
analysis to focus solely on participant discussion of ATP; however, we continued to read
through the entire interview of each participant to capture any unprompted discussions about
ATP.

We continued refining the coding scheme using a constant comparative>® approach until
we felt that the codes represented the range of ideas expressed across all interviews (i.e., no

additional codes were generated). The final coding scheme consisted of 19 codes (Appendix C,
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Table 6.4). The length of coded segments varied based on what we deemed sufficient to
capture the essence of how the instructor used that code. That is, we did not simply count the
frequency of the term “bond energy”; rather, we read the transcripts in detail to identify
sections in which the participants leveraged these ideas (and how). The majority of the codes
are disciplinary content-related, as our protocol mainly focused on eliciting instructor
explanations for how ATP functions (from both a chemical and biological perspective).
However, some codes related to other aspects of the instructors’ experiences (rather than
content). For example, the code teaching/learning captured instructor comments related to an
experience regarding ATP in the classroom. We provide descriptions and examples of some of
the most frequently occurring codes in Table 6.2 (descriptions and examples of all other codes
are included in Appendix C). We discuss the importance of our codes in the results section of
RQ1.

Using this scheme, two coders (CF and NW) independently coded each interview. Our
initial agreement was 85.67%; however, the two authors met and discussed any disagreements
until we reached 100% consensus. The codes reported in this manuscript are the consensus
codes. The final codes were non-mutually exclusive and could appear any number of times in
each interview.

Research Questions 2 And 3

To address RQ2 and RQ3, we explored the participants’ discussions of how ATP drives
unfavorable processes (RQ2) and the experiences that molecular biology instructors shared
when reflecting on their teaching of ATP (RQ3). The coding scheme we developed to answer

RQ1 captured all ideas related to ATP that emerged throughout the entirety of each interview.
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We used a smaller subset of these codes to define the larger themes which more directly
answer RQ2 and RQ3. For RQ2, we used codes that specifically indicated instructor explanations
of (1) the mechanism of energy release (ATP hydrolysis and bond energy) and/or (2) the
mechanism of energy transfer (phosphate transfer and common intermediate) as a guide in our
selection of excerpts (of varying length) highlighting these two broader themes. To answer RQ3,
we used the teaching/learning code to identify the experiences instructors shared regarding
their teaching practices about how ATP provides energy in a coupled reaction. Eliciting these
experiences was not an intentional aim of our protocol; however, we would be remiss to
exclude these experiences when they emerged through such little prompting. It is likely that
these experiences inform instruction (and, subsequently, student learning), making this an
important and meaningful research question. Due to the dependence of RQ2 and RQ3 on the
codes discussed in RQ1 results, we have included additional details about the data analysis of

RQ2 and RQ3 in the corresponding results sections.

Results

Research Question 1 — What Ideas Did Instructors Leverage When Talking About ATP?
We coded all the ideas that participants mentioned when discussing ATP in each

interview, resulting in 19 total codes (italicized in the body text) (Table 6.2 and Appendix B).
Our coding scheme captured the wide range of ideas mentioned when considering ATP;
however, no instructor discussed every code, and most instructors only leveraged a smaller
selection of these ideas. Additionally, given the nature of our coding scheme, some participants
received the same code multiple times. Table 6.3 shows the presence and frequency of codes
identified in each interview.
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Table 6.2. Frequently occurring codes, descriptions of the codes, and example excerpts.

Code

Bond energy

Description

Discussing energy changes associated with
bond formation or bond breaking.

Example

“So those weak bonds are getting
broken, and then stronger bonds
are getting formed, and that the
forming of those bonds is releasing
energy” (Olive)

Teaching/learning

When the participant discusses whether
or not they understand a topic themselves
or how to teach that topic; or when they
discuss how students understand or learn
ideas related to ATP and reaction
coupling.

“I’'ve done it both ways. I've tried to
show them the actual mechanism,
and | feel like that’s a little bit too
much for them in second semester”

(Fig)

ATP hydrolysis

Discussing the hydrolysis of ATP, or how
water should be included in an
explanation of how ATP works.

“we do go through a fairly detailed
description of why hydrolysis of ATP
is favorable” (Ivy)

Coupled reactions

Discussing reaction coupling, vaguely or
explicitly.

“I talk about it in pairing the
hydrolysis of ATP with unfavorable
reactions.” (Jade)

Referencing disciplines

When the instructor explicitly discusses
their own discipline or another discipline
and how those disciplines teach/think
about things.

“what | want the students to do and
the way that | talk about sort of the
biology of it, is to highlight that
there is a discrepancy between the
way that biologists will often talk
about it and the way chemists talk
about it.” (Basil)

ATP Synthesis

Discussing the synthesis or formation of
ATP

“If you talk about ATP synthesis,
right, you’re using that protons all
on the...the, inter membrane space
coming back into the matrix.”
(Dracaena)

Common intermediate

Discussing a “high-energy” or
“phosphorylated” intermediate involved
in reaction coupling.

“instead of having the phosphate
just go to free phosphate, let’s
donate it to another molecule and
have it become a phosphorylated
intermediate.” (Monstera)

Phosphate transfer

Discussing the transfer of a phosphoryl
group from one entity to another
(typically from ATP to some other
molecule).

“I think most of the time, we mean,
it is phosphorylating the substrate,
and activating it based on a
phosphoryl transfer.” (lvy)
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While the majority of the codes relate to disciplinary concepts (e.g., bond energy,
gradients), two of the most frequently occurring codes do not: teaching/learning and
referencing disciplines. Rather, these codes address experiences regarding how ATP is taught or
understood in the classroom (teaching/learning) and how their own or different disciplines
might discuss ATP (referencing disciplines). While our interview protocol prompted instructors
to consider their teaching practices, the prominence of these codes highlights the range of
personal experiences instructors felt inclined to share about how ATP is discussed in their
courses and the courses of other disciplines. This was particularly common among biologists
reflecting on how their teaching aligns or differs with the concepts taught in chemistry. We

discuss these experiences in more depth in RQ3.
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Table 6.3. Frequency of codes in each instructor interview.

Biochemistr
y
Biology Instructors® Instructors®  Chemistry Instructors®
c

» 2 “— (]

E o o z -

= 2 o P 3 = 28 _ ¢

§ 8 ¢ >~ 5 £ 2 & 2 = ES T 3

2 & 8 5 5 5 5 5 2 &£ 5 22 R 3
Bond energy 1 0 2 2 1 3 0 1 13 43
Teaching/learning 4 4 2 4 0 9 0 1 12 61
ATP Hydrolysis 0 1 4 0 1 2 6 3 0 11 40
Coupled reactions 0 1 2 4 0 1 8 4 1 0 38
Referencing
disciplines 3 2 1 1 4 1 2 2 0O O 1 0 30
ATP Synthesis 2 1 0 2 0 3 2 2 o 1 0 23
Stability 0 1 1 1 0 0 1 0 1 1 1 12
Gradients 2 0 0 2 4 0 1 2 3 0 1 0 17
Phosphate transfer 1 0 O 1 2 0 1 e 4 2 0O O 19
Enzyme 1 0 0 1 0 0 2 8 3 1 1 0 17
Common intermediate | 0 0 1 n 2 0 O 0 a1 n 0 23
Explicit exclusion of a
mechanism 0 2 3 0 4 0 0 0 2 0 0 1 0 5 12
Conformational
change 1 0 O 0O 0 O 3 1 1 0O 0O 0 5 11
Biological example 0 0 0 3 0 1 1 0 1 0 0 0 5 11
Equilibrium 0 2 o0 0 0 0 3 0 O 0 0 4 17
Activation energy 0 0 0 1 0 0 0 1 1 0 0 0 1 4 4
Calculations 03 0/3 0 0 0 o0 0 o 0o o0 3 1
Phosphate repulsion 0 0 0 1 0 0 2 0 A 0 0 0 0 3 5
Suggestedresolution |0 0 0 0 |3 '0 0 0 0o o0 [@70o 0o 0 0 2 5

The codes are listed in order of occurrence, with codes that appeared in the most interviews at the top, and
those that appeared in the fewest interviews at the bottom. The instructors are ordered based on their
discipline (green® = biology, blue®® = biochemistry, grey® = chemistry). Darker shading represents a higher
frequency of occurrence.

Among the codes related to disciplinary concepts, participants discussed ideas like the
production of ATP (ATP synthesis and gradients) and the relevance of equilibrium. However,
some of the most popular codes correspond to two important mechanisms associated with ATP
as an energy source (the primary interest of this study): (1) how energy is released and (2) how

energy is transferred. Codes related to energy release, bond energy and ATP hydrolysis, were
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used extensively across disciplines, with all instructors discussing one or both of these ideas at
some point in their interviews. On the other hand, the codes phosphate transfer (N = 7) and
common intermediate (N = 6), related to the energy transfer mechanism, were present in many,
but not all, of the interviews. Another frequently occurring code, coupled reactions, overlapped
often with explanations for both mechanisms; this code captured more general statements
about reaction coupling and did not necessarily contribute to explaining how or why either
mechanism occurs.

Interestingly, there were some notable differences in the degree to which participants
leveraged ideas related to energy transfer and energy release. For example, Eucalyptus®
discussed phosphate transfer during their interview but not ATP hydrolysis; Ficus® talked about
ATP hydrolysis but not common intermediate; Lily° discussed ATP hydrolysis and common
intermediate (each with high frequencies). We were interested in the instructors’ use of these
codes (and therefore their adherence to mechanisms of energy transfer and/or energy release)

in their explanations for how ATP drives unfavorable processes, which we address in RQ2.

Research Question 2 — In What Ways Do Instructors Use These Ideas To Discuss How ATP
Drives Unfavorable Processes?

To explore how instructors think about the mechanism by which ATP drives unfavorable
processes, we used our coding from RQ1 to analyze the interview sections which reflected the
ideas instructors leveraged when “unpacking” (or opening up) the black box of ATP “providing”
energy. Based on the results of RQ1, we found that the two most popular mechanisms to
unpack were (1) energy release and (2) energy transfer. One instructor, Orchid€, did not explain

either mechanism in enough detail for us to confidently place them in one of the themes (even
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though they did receive one instance of the code bond energy); they were removed from the
analysis for RQ2.

The instructors we interviewed discussed (1) how energy is released by explaining how
ATP is hydrolyzed (ATP hydrolysis) and that the bonds formed are stronger than the bonds
broken (bond energy), and/or (2) how ATP transfers energy via the transfer of a phosphoryl
group to some other entity (based on the presence of the codes phosphate transfer and/or
common intermediate). While some instructors only explained one mechanism, several
explained both at some point in the interview, which we discuss by providing example excerpts
below. In the excerpts, “[Editorializing]” indicates rephrasing (of the participant or interviewer).

Energy Release

Excluding Orchid¢, all 14 instructors explained the mechanism of energy release at some
point in their interviews. These explanations included ideas about ATP hydrolysis and/or bond
energy, neither of which were included in our interview protocol (i.e., all the instructors
brought up these ideas without us mentioning either of them explicitly), with a focus on how
ATP hydrolysis releases energy and/or the idea that the bonds in ATP (and water) are less stable
than those in ADP and inorganic phosphate. For example, Basil®said, “when they often talk
about it in biology, [...] hey we break the [...] ATP bond and energy comes out. And they
completely ignore sort of the fact that there are a whole bunch of new products that get formed
and that water is involved...” (codes: referencing disciplines and ATP hydrolysis), suggesting that
water should be included when explaining the mechanism by which ATP drives unfavorable
processes. Using the ideas of ATP hydrolysis and bond energy also encompass the ways in which

recent publications have suggested teaching about ATP as a source of energy®%*>, Figure 6.2
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provides excerpts of three instructor explanations. In the interest of space, we condensed
quotes by using ellipses in brackets ([...]), which indicate repetitive dialogue or filler words/sen-

tences that did not contribute significantly to an understanding of the excerpt.

Energy release excerpts

a. Olive® — introductory MB

“_..because these phosphate groups have
negative charges, so they're sort of repelling
each other [ ...] which makes these oxygen
phosphorus bonds a lot weaker than they

otherwise would be. And so when this ATP
comes in [ ...] release energy because the bond
that gets formed is a lot stronger than the bond
that gets broken.”

Code: bond energy

“I mean, we look at this reaction here. Right?
The hydrolysis of ATP. And if you think about
bonds getting broken and bonds getting reformed
[...] We talk about the bonds that get broken,

and the energy that is either required or released
when bonds are broken or bonds are formed. So
it's really about bonds being broken and bonds
being formed.”

Code: ATP hydrolysis

b. Fig® — general chemistry

“Yeah, so we would talk about,

you know, molecules colliding,

bonds being, broken bonds being

formed. And how, when, you

know, a bond is broken, you have
to put energy in and when bonds

are formed, energy is released.”

Code: bond energy

“And so the bonds that you form
when ATP reacts are stronger,

releasing energy that can be used

elsewhere... So its the phosphate

groups rig

it, that are broken off.

And then, it’s water forming

bonds with the phosphate that s

remaining in the ATP.”

Code: ATP hydrolysis

c. Ficus® — introductory MB

““...s0 does it require energy or release
energy to form a bond? And it releases
energy to form a bond? So we get them
to do that. Okay. But now you see this

ATP, and it went from ATP to ADP plus

Pi? Did you form a bond or break a
bond? Or looks like you broke a bond,
which is true. But you also formed
these new bonds.”

Code: bond energy

“[...] well, there's water in here that
you don't see, right? And you're
actually breaking bonds in both the

water and the ATP. But then you're
Jforming new bonds in the ADP and the
Pr

Code: ATP hydrolysis

Figure 6.2. Example excerpts of explanations for energy release. [a, b, and c are color coded
according to the discipline of each instructor. Green® = biology, blue®® = biochemistry, gray® =

chemistry].

Energy Transfer

While all participants highlighted the mechanism of energy release by discussing ATP

hydrolysis and/or bond energy at some point, only nine participants explained a mechanism of

energy transfer, which we identified as those who included the ideas (codes) phosphate

transfer and/or common intermediate. Figure 6.3 provides excerpts and codes from three

participants (one from each discipline) who explained energy transfer using one or both of

these ideas. For example, Ivy® (Figure 6.3a) explained the mechanism by which ATP transfers
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energy, by leveraging the idea of ATP as “the universal phosphoryl group donor” (code:
phosphate transfer) and its role in forming a phosphorylated intermediate (code: common
intermediate). Unlike lvy®, Ginkgo® (physical chemistry) did not identify the role of ATP as a
phosphorylating agent, but they emphasized the importance of energy being transferred
mechanically or “like a bicycle gear”, forming a common, high-energy intermediate to drive
unfavorable reactions (code: common intermediate) (Figure 6.3b). Finally, Lily®, an introductory
MB instructor, discussed both phosphate transfer and common intermediate. However, Lily®
also emphasized the importance of equilibrium and the concentrations of reaction sequence

components in driving reactions forward (code: equilibrium) (Figure 6.3c).
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Energy transfer excerpts
a. Ivy*® — biochemistry b. Ginko® — physical chemistry

“...we talk about ATP as sort of the universal phosphoryl group 25 . .
: ' an enzyme that can couple two reactions directly, has to have two

donor.”

binding sites, it has to have a binding site for some energy molecule
Code: phosphate transfer like ATP perhaps, and then it has to have a substrate binding site.
And the energy released by the ATP uh releasing phosphate group
“I think in terms of reaction coupling, the idea here is that, uh has to be like a b le gear somehow, you know, it’s not the same
ATP usually contributes to the activation of a substrate or
production of an inter-, phosphorylated intermediate, which is
then, uh, you know, broken apart or chemically changed right, to
the final product with the release of the phosphoryl group.”

thing. But, it has to be mechanically transmitted to the reaction that
you 're trying, that the enzyme is catalyzing. So it has to be a direct
process. Involving a high energy intermediate molecule.”

Code: common intermediate Code: common intermediate

c. Lily® — introductory MB

“Um...So the glutamine synthase is really nice because it's got a, like I say, it's, it's simple to understand, right? You make this
intermediate.”

Code: common intermediate

“that reaction to form the gamma phosphoryl glutamate intermediate [ ...] it's an exergonic reaction, right? And [ ...] you still have some
of the energy that was in the, in the ATP, because it s now in the intermediate.”

Code: phosphate transfer

“Generally, what's happening is because we have pathways where reactions are essentially coupled by one producing the substrate for the

other. And so... what's driving those near equilibrium reactions is that we've forced the, that product to substrate ratio into some bizarre
area, right? Because we're constantly removing product.”

Code: equilibrium

Figure 6.3. Example excerpts of explanations for energy transfer. [a, b, and c are color coded
according to the discipline of each instructor. Green® = biology, blue®°= biochemistry, gray®=
chemistry].

Instructors Who Explained Both Energy Release And Transfer

We were particularly interested in the nine instructors who leveraged both mechanisms
and whether there was a difference in how or when they discussed each mechanism. In taking a
closer look at the excerpts in which these codes emerged, we found that five of these
instructors explained energy transfer in direct response to how ATP drives unfavorable
processes, with their explanations for energy release occurring at different points or in different
contexts during the interview. For example, Lily® explained how energy is transferred, but they
also talked about how it is common for biologists to discuss the energy release mechanism,

saying: “... a lot of times [...] biologists will just assume that well, okay. So there was this ATP,
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was broken, [...] and usually they’ll say it was hydrolyzed. And that has 30.5 kJ/mol, right? And
then | can do this other reaction because I’'ve already paid, but without realizing that there’s no
mechanistic coupling and that, that wouldn’t work” (codes: referencing disciplines and ATP
hydrolysis).

The other four instructors (all biologists) initially explained energy release in direct
response to “how do you think about the mechanism by which ATP drives unfavorable
processes?”, but directly following this explanation, they leveraged the ideas of phosphate
transfer and/or common intermediate to explain the mechanism of energy transfer. For
example, Monstera®, an introductory MB instructor, used ATP hydrolysis and bond energy when
explaining how ATP drives unfavorable processes: “[...] we talked about a high energy
phosphate bond in the context of reactants and products. And so that’s what we mean by when
we say [...] ATP plus water (code: ATP hydrolysis) is going to have more [...] energy that is
available” (code: bond energy). They continued talking about ATP hydrolysis but eventually
said, “instead of having the phosphate just go to free phosphate, let’s donate it (code:
phosphate transfer) to another molecule and have it become a phosphorylated intermediate”
(code: common intermediate), thereby shifting their explanation to that of energy transfer.

Like Monstera®, three other biology instructors who explained energy release via bond
formation included ideas about phosphate transfer and/or common intermediate later during
their interview, even though they initially used explanatory black boxes for how energy is
transferred (Figure 6.4). While we recognize our small N value, we also found it interesting (and
perhaps not surprising) that all three biochemists explained the energy transfer mechanism,

with their ideas about energy release surfacing in other contexts (e.g., when referencing how
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other disciplines discuss the role of ATP). Although the majority (N = 9) of instructors discussed

both mechanisms at some point, five of the instructors (three chemists and two biologists) only

explained energy release and, therefore continuously black boxed the mechanism of energy

transfer (i.e., they had zero codes for both phosphate transfer and common intermediate)

(Figure 6.4). We do not assume whether they recognize these ideas as components of the

mechanism of energy transfer; however, as neither came up in their interviews, even if they

hold a mechanistic understanding, they did not see it as relevant to our discussion. In other

words, only ideas related to energy release were activated, and not any other

conceptualizations that these instructors might hold regarding this phenomenon.

While this analysis provided insights into the mechanisms that instructors embrace

(transfer, release, or both), it also surfaced the unprompted, negative experiences that

instructors expressed regarding teaching ATP (RQ3).

Energy release mechanism

Energy release mechanism + energy transfer mechanism

Only explained energy release

Basil Ficus®
Fig® Myrtle®
Pothos®
3 chemists
2 biologists

0 biochemists

Shifted from energy release >
energy transfer

Eucalyptus®
Olive®
Jade®

Monstera®

0 chemists
4 biologists
0 biochemists

Focused on energy transfer, but discussed energy
release in other contexts (e.g., referencing disciplines)

Gingko* Lily® Tvybe
Philodendron®®
Dracaena®
1 chemist

1 biologist
3 biochemists

Figure 6.4. Instructor explanations for how ATP drives unfavorable processes using the
mechanisms of energy release or energy transfer [Instructor pseudonyms are colored according
to discipline. Green® = biology, blue®“= biochemistry, gray°= chemistry].
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Research Question 3 — What Teaching Experiences Did Molecular Biology Instructors Share
Regarding ATP In Their Course(s)?

As evidenced in our interview protocol, we did not intend to elicit themes related to
affect; however, several instructors shared their thoughts regarding pedagogical experiences
with ATP (as evidenced by the frequent occurrence (n=61) of the teaching/learning code). That
is, rather than just explaining their current instructional practices, they also shared how they, as
instructors, and/or their students, as learners, experience these instructional practices.
Investigating this research question is warranted, (1) because it is likely that these experiences
impact pedagogical/instructional approaches, and (2) because of its emergence despite minimal
prompting. In this section, we highlight experiences shared by three introductory molecular
biology (MB) instructors who shifted from an explanation of energy release to that of energy
transfer (as seen in RQ2). We chose these three participants because they teach the
introductory course that most often includes a discussion of the role of ATP, and they provided
particularly rich discussions about their experiences with instruction on this topic. Because the
teaching/learning code captured a broad range of experiences rather than more specified
affective constructs, we share longer excerpts (Figures 6.5, 6.6, and 6.7) to exemplify the
dissatisfaction that these instructors expressed while reflecting on their teaching of ATP.

Jade®

Consider the excerpt from Jade® in Figure 6.5, whose response to the initial question
about ATP providing energy put them in the energy release theme, since they leveraged ATP
hydrolysis. However, they showed concern and vulnerability at several points in this excerpt

that should not be ignored. Jade® began by saying they’re “nervous” to explain the mechanism,

129



because they know “[they] don’t get it all right.” While this was not further explored by the
interviewer, there is a distinct possibility that this is a result of interactions with chemistry
faculty and recent research publications®1%1> that have focused on the bond breaking/energy
release misconception often associated with instruction about ATP. In fact, some MB
instructors noted that they focus specifically on what their chemist colleagues tell them (see
excerpts in Appendix D, captured by the code referencing disciplines).

Following this admission, interviewer KN attempted to mitigate Jade’s® nerves/concerns
by restating that this interview is not a test, and Jade® proceeded to note two reasons for why
they do not explain anything beyond “pairing the hydrolysis of ATP with unfavorable reactions.”
First, they said, “I’'m not sure it matters... that students understand that next level in order to
understand the bigger ideas,” and they went on to say that “at some point, we had to assume
that they had this knowledge when they get into cell and molecular biology, that they
understand... that there’s an intermediate and the intermediate is less stable than the final
thing...” (code: common intermediate and teaching/learning). After KN validated some of
Jade’sP thoughts ([Editorializing] in Figure 5), they continued to discuss a third, more personal,
reason for not going to a deeper level; Jade® said, “the course seems sort of overwhelming and
exhausting to me. | think if | understood it better, | would be able to better explain why
molecular reactions happen in general” (code: teaching/learning). In just this excerpt, Jade®
shared negative experiences (including nerves, lack of confidence in content, and concern that

this content is irrelevant or repetitive), that we interpret as dissatisfaction regarding their

current teaching practices about the role of ATP in their course and/or dissatisfaction in the
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expectations surrounding teaching ATP. That is, regardless of the approach they take (energy

release or energy transfer), there is some discomfort in the current pedagogy.

Interviewer: [...] How would you explain the mechanism of how ATP is used as an energy source?

Jade: So the way | typically talk about it, and | feel nervous. Because | know that we don't get, | don't get it all right. So but |
talk about it in pairing the hydrolysis of ATP with unfavorable reactions. That's, that's how | think, yeah, that's how I talk
about it.

Interviewer : Okay. [...] do you ever talk about, at the molecular level what's happening?
Jade: No.

Interviewer: Do you know what...? And this is not a test, this is, right, | just spent the last hour before this being, ‘Where
the heck does the energy come from?’

Jade: |, my, my knowledge pretty much stops there. So there's two things to it. One is I'm not sure it matters. [Identifying
information], but I'm not sure it matters, that our... that, at least in our class, that students understand that next level in
order to understand the bigger ideas that we're trying to get to. So that, I'm not convinced of that. And the second is, if |
talked about that | might be, and I'd have to have some professional development in that area, but it may just end up
being the same thing that's already been taught in the chemistry course. So at some point, we had to assume that they
had this knowledge when they get into cell and molecular biology, that they understand what's happening during those
chemical reactions and that there's an intermediate and the intermediate is less stable than the final thing, so... than the
product. So | think, based on those two things. | do not go any further than that.

Interviewer : [Editorializing]

Jade: | think. And sometimes this is why the course seems sort of overwhelming and exhausting to me. | think if |
understood it better, | would be able to better explain why molecular reactions happen in general. Right? So when | talk
about DNA replication, the structure and the structure of a nucleotide is the way it's replicated, it's energetically favorable,
but | don't really know all the details to that. And so | just say that, you know, this works well, because it's energetically
favorable. Again, it's the combination of: Does it matter if | go the next level lower to explain that? And am | able to? And
I'm saying the answer to both of those, at least right now, the last time | taught the class was no.

Figure 6.5. Transcript excerpt from Jade®.
Monstera®

Recall Monstera®, an introductory MB instructor, who we saw in RQ2 discuss both ATP
hydrolysis and how energy is released, as well as a follow-up explanation for energy transfer. In
this subsequent discussion, MonsteraP revealed (1) their understanding of the mechanism by

which energy is transferred by leveraging both phosphate transfer and common intermediate
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and (2) the challenges they experienced in teaching the role of ATP to students. Consider the
excerpt in Figure 6.6.

Like Jade®, Monstera® initially focused their discussion on ATP hydrolysis and the bond
energies associated with the reaction components to explain the mechanism for energy
release. In probing further, we learned that while those ideas were the focus of instruction,
Monstera® specifically noted that they “don’t really get into how do we couple those reactions...
| would hope that that would be something that we can incorporate into a chemistry
curriculum...” (code: referencing disciplines, and explicit exclusion of a mechanism). This quote
provides evidence that Monstera® intentionally does not address the mechanism of energy
transfer in their course. Following this admission, MonsteraP specifically identified the
mechanistic step of forming a phosphorylated intermediate (codes: common intermediate and
phosphate transfer), suggesting that this be incorporated into a chemistry curriculum, because
when they tried to do it in their course, they “had neither the expertise nor the time to do it”.
Here, similar to Jade®, Monstera® expressed lack of confidence in the content and concern for
course constraints (time). Finally, though less specific to ATP, Monstera® referenced the course
textbook and how the chapter on bioenergetics is “a sticky mess” and “it’s hard” for the
students, further highlighting the negative experiences that they encounter as an instructor

teaching these ideas in introductory MB.
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Monstera: [...] Now we can drive a reaction that has free energy change of less than 7.6 k calories per
mole in the other direction. And so, we but we don't really get into how do we couple those reactions?
How do we specifically go in there? And | would hope that that would be something that we can
incorporateinto a chemistry curriculum some place and say, well, look, here's a phosphoryl-instead of
having the phosphate just go to free phosphate, let's donate it to another molecule and have it become
a phosphorylated intermediate. And couple it to that reaction, and really kind of unpack what that looks
like. I tried to do that at some level in my own course, maybe one or two times. But | had neither the
expertise nor the time to do it.

Interviewer:[...] how would you explain it at the molecularlevel [...] with regards to ATP or just energy
transferin general?

Monstera: Well, | mean, somehow that phosphate group gets stuck on another molecule. And so one
would assume that that phosphorylated molecule now has higherenergy content than it did prior to
that point. And so what we don't do is really explore that idea.

Interviewer: In in chemistry or biology?
Monstera: In biology. Yeah. | mean, the, if you look at our if you look at our textbook, there's a formal

chapter on bioenergetics. Which is, it's a sticky mess going in there. Because the students really, you
know, it's hard. It's, it's hard.

Figure 6.6. Transcript excerpt from Monstera®.
Ficus®

Lastly, Ficus®, who primarily taught introductory MB but also biochemistry, discussed
the challenges of deciding what level to go to when teaching these ideas in their course(s).
Ficus® only explained the mechanism of energy release, and their excerpts are shown in Figure
6.2 under RQ2. In addition to these excerpts, Ficus® shared the challenges of teaching these
ideas to students. Consider the excerpt in Figure 6.7.

In this excerpt, Ficus® shared their concerns with teaching the mechanism by which ATP
hydrolysis releases energy in an introductory MB course. At no point did they bring in ideas
about phosphate transfer or common intermediate. When we first asked how they explain the
mechanism of how ATP works, Ficus® said they tried teaching the mechanism (of how ATP

hydrolysis releases energy, which they later note) in the past “with very limited success... caused
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way more problems than it should have.” Because of this, they actively avoid teaching these
ideas, because they “found it to be not productive.” Ficus®, in our interpretation, expressed
frustration and dissatisfaction when reflecting on their past experiences with teaching ATP by
explaining the mechanism of energy release to introductory MB students. In their words, their
efforts resulted in “way more problems”, and were “not productive”, and created “mass

confusion” (code: teaching/learning).

Interviewer: So how do you explain the mechanism of how ATP works?

Ficus: | try not to. I've tried in the past, with very limited success, it actually probably caused way more
problems than it should have. I've done, so when I've tried to do it, and | go back and forth sometimes. And
maybe next year, I'll bring it back. | don't know that. So what I've tried to do is get them to think about,
when | do this, | recently I've tried to explicitly tie it, get them to tie it to what they know from chemistry.
And so we start asking, so does it require energy or release energy to form a bond?

[Ficus explaining the mechanism of energy release using ATP hydrolysis and bond energies]

Ficus: [...] And | tried to very explicitly illustrate that. And so overall, where does, why do you get | mean it's
a combination of entropy and enthalpy. But at this point, I've given up on using Delta G equals delta H
minus T delta S, it's just, I've tried, tried really hard to use it in the intro class. And it, it | thought, it just
wound up muddying a point in the student. The students trying to understand that equation didn't actually
help them get to the bigger understanding that | was after. And so. So to really understand the mechanism
of why ATP hydrolysis releases energy, | think you have to go there and to go there just was, | found it to be
not productive.

[Interviewer asks about biochemistry and Ficus explains how they teach ideas in biochemistry]
Interviewer: [Editorializing]

Ficus: Yeah, but just try very hard [in MB] to avoid or directly address the idea that it's not breaking this
bond that releases energy. But, and for students who are interested, I talked to one on one in small groups.

I'll have that discussion in more detail, depending on where they are. But generally speaking, what | found
is if you try to do that with the whole class, it just creates mass confusion.

Figure 6.7. Transcript excerpt from Ficus®.
Our use of a semi-structured interview protocol allowed for these rich discussions to

emerge. While their emergence is perhaps not surprising given the purpose of the interviews,
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the findings here show that minimal prompting activated personal and meaningful experiences
that have shaped how these instructors think and teach about ATP. We provide shorter

excerpts from additional instructors who shared negative experiences in Appendix E (Table 6.5).
Discussion

In this study, we set out to understand how a range of chemistry, biology, and
biochemistry instructors think about the mechanism by which ATP drives unfavorable processes
in relation to their discipline and course(s). The interviews revealed the range of ideas
instructors think about when considering the roles of ATP (RQ1). From the analysis in RQ2, we
found that the instructors primarily focused on two mechanisms when explaining how ATP
drives energetically unfavorable processes: (1) energy transfer through the phosphorylation of
a common intermediate and (2) energy release based on the breaking of weaker bonds and the
forming of stronger bonds via ATP hydrolysis. Between the two, we found that most faculty
leveraged the energy release mechanism (N = 14); however, nine of these instructors leveraged
both mechanisms. In this case, some instructors described their use of the energy release
mechanism when teaching about the roles of ATP but indicated understanding of the energy
transfer mechanism as disciplinary experts (e.g., Monstera® and JadeP). Other instructors, like
Lily® for example, focused on the mechanism of energy transfer in explaining the role of ATP,
but explicitly brought up how certain disciplines might only explain the mechanism of energy
release.

Our interviews showed that current instructional practices about ATP in biology courses
appear to be dissatisfying and frustrating for instructors (RQ3). Within the three longer

excerpts, we also noticed some comments which suggest that the instructors did not see
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certain aspects as relevant to a general understanding of biological systems (e.g., Jade® said
“I’'m not sure it matters...”), perhaps speaking to the lack of empowerment of instructors.
Further, it is likely that these instructors have conveyed this assumption to students. Some
instructors shared the frustrations they experienced when teaching the energy release
mechanism, especially Ficus® who said that teaching this mechanism “caused way more
problems than it should have.” These results highlight how current approaches are dissatisfying
(evidenced by the negative experiences described by instructors). Additionally, as noted by
Lily®, this approach can be a misleading way to discuss the role of ATP: “... usually they’ll say it
was hydrolyzed. And that has 30.5 kilojoules per mole, right? And then | can do this other

reaction because I’'ve already paid, but without realizing that there’s no mechanistic coupling

and that, that wouldn’t work” .

Energy Release: A Misleading Mechanism

While both the energy transfer and energy release mechanisms were explained
accurately by the instructors (that is, we did not note any misconceptions), the energy release
mechanism explains a different phenomenon (how/why ATP hydrolysis releases energy in an
isolated system) and is inconsistent with the actual molecular mechanistic events when ATP is
involved in reaction coupling. Even a canonical discussion of ATP hydrolysis and bond energy
does not address how the energy released from ATP hydrolysis drives the unfavorable process.
While both energy release and energy transfer are important and related concepts, the two
mechanisms often appear to be conflated with one another.

Lipmann (1941) used the ATP hydrolysis reactions to calculate bond energies, but his

experimental design did not suggest that the hydrolysis of ATP was the biological mechanism
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for the transfer of energy?°. We are not the first to identify this issue in the discussion of the
biological mechanisms of ATP — over half a century ago Banks and Vernon (1970) noted that
“simple thermodynamic parameters are irrelevant in discussing whole organisms: these must be
understood in kinetic and mechanistic terms.”3* Later in his career, Lipmann himself remarked
that defining ATP as a phosphoryl group donor (that is, the energy transfer mechanism) “could
lead to a better understanding of such sequences of energy transfer where we are pretty much
in the dark about events subsequent to an initial ATP-involving step”>°. The conflation of the
energy release and energy transfer mechanisms in biology has led to much confusion about
what is actually happening in biological systems and how the materials should be taught, so it is
not surprising that this mechanism was discussed by nearly all of the instructors (n=14).
However, no matter how well we improve the accuracy by which we discuss the energy release
associated with ATP hydrolysis (by including an explicit discussion of the role of water and bond
energies), this disconnect will not be addressed.

We do not believe anyone should be blamed for the conflation of these mechanisms, as
our interviews provide evidence that biology instructors have a strong desire to align their
courses with chemistry (see Appendix D excerpts from biologists) by communicating how ATP
works in a way that mitigates the misconception that breaking bonds releases energy. Not only
did Lipmann use bond energies to explain why ATP is a metabolically useful molecule??, but
bond energies are an important idea in chemistry and physics. Thus, it makes sense to focus on
the importance of bond energies when discussing why ATP hydrolysis is a thermodynamically
favorable reaction. However, if we focus solely on ATP hydrolysis, we miss out on the biological

mechanisms by which ATP actually drives phenomena such as unfavorable chemical reactions,
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the mechanism which all of the biochemists and most of the biologists explained at some point

in their interviews (suggesting its importance in the discipline).

The Need For Additional Research On “Energy Transfer”

In our introduction, we noted the literature base in which researchers have explored the
issue of ATP’s role in biological systems; nearly all this work (based in physics and chemistry)
has focused on ATP hydrolysis and the energy release mechanism. At the same time, no biology
education research (to our knowledge) has focused on energy transfer mechanisms. That is, the
ways in which ATP “provides” energy via transfer of (usually) its terminal phosphoryl group to
the starting material, thereby activating a substrate or reactant (increasing its
energy/reactivity), rather than through an adjacent reaction with water. Additionally, other
mechanisms, such as the alteration in protein structure when ATP is bound, might also be more
accessible if the current focus on ATP hydrolysis is removed. If we can understand how to
incorporate these mechanisms into our undergraduate courses, specifically introductory
biology, we may alleviate some of the negative experiences reported by instructors, while
simultaneously helping students to be better equipped to make mechanistic predictions
regarding the role of ATP in other biological processes. As a result, given the association
between ATP and energy, this may help students develop and understand ideas about energy
that are compatible across disciplines.

Research in this area is still in its infancy. We hope this study encourages the education
research community to think deeply about the potential utility of the energy transfer
mechanism (which we discuss below), as many important questions remain unanswered. For

example, how do students consider both the energy release and energy transfer mechanism?
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What level of explanatory depth is necessary and most appropriate for discussing these ideas in
the disciplines (or different course levels)? How do students with an understanding of the
energy transfer mechanism think about energy across disciplines? How does this mechanism
contribute to other important ideas in biology like structure/function? The exploration of such
guestions is critical to the development of instructional materials that might better support the

instructors who are tasked with teaching these ideas.

Suggestions For Instruction

Here we provide pedagogical suggestions that aim to better support instructors as they
approach this topic in their course(s). Our findings emphasize that current approaches can lead
to frustration for some instructors, and, if including discussions about energy release,
misleading ideas for students. Further, most of the biology instructors (n=4), all of the
biochemistry instructors (n=3), and only one chemistry instructor discussed phosphate transfer
and/or common intermediates to explain the mechanism of energy transfer, suggesting its
relevance in biology and biochemistry. Based on literature providing evidence for the
usefulness and importance of mechanistic reasoning in education as outlined in the
Introduction, we suggest the incorporation of an energy transfer mechanism and/or explicit
recognition of explanatory black boxes, as proposed by Haskel-Ittah®!. Recall that an
explanatory black box is a “unit” within a mechanistic explanation that remains unexplained —
that is, the entities and interactions which give rise to that unit are not identified or discussed,
such that a gap is created between steps within the mechanistic explanation®. Explanatory
black boxes, while often referred to as “hand-wavy” explanations that lack evidence of deeper

knowledge, provide great utility in biology education because of the complexity of biological
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systems and the diversity of mechanisms involved — it is unreasonable, impractical, and time-
consuming to provide a fully mechanistic explanation for every phenomenon without any black
boxes. Thus, deciding the relevant mechanism on which to focus becomes just as imperative as
it is challenging. To add to the challenge, this decision must also be paired with explicit
recognition of existing explanatory black boxes so as to avoid what has been termed an “illusion
of explanatory depth”; that is, the sense that one understands complex phenomena deeply,
when that may not be the case®'. We believe this approach will alleviate the pressures felt by
instructors to explain topics that they feel “nervous” about or that they find irrelevant to an
understanding of biological systems (i.e., the energy release mechanism).

To illustrate how this could be done, we discuss the unfavorable, ATP-dependent
process of the formation of glutamine (Figure 6.8). Typically, this process is shown in such a way
that the mechanism by which ATP drives the reaction is presented as an explanatory black box,
similar to how we presented it in words to participants in the interviews. Only the input and
output are provided, and the mechanistic steps are missing (“phenomenon-based sketch”).
Without a description/model of the entities that interact or link together to contribute to the
outcome (i.e., the formation of glutamine), we can identify that ATP is involved, but not how it
is involved. Further, without explicitly recognizing this as an explanatory black box, it is likely
(and reasonable) that the learner will apply the mechanism that they know, the energy release
mechanism, to explain how this unfavorable reaction occurs. However, such an application of
the energy release mechanism does not provide a physical mechanism for how the energy is
transferred from the hydrolysis to the reaction between glutamate and ammonium. We predict

that by explicitly stating there is more going on at these reaction arrows (i.e., additional
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relevant entities are not shown for simplification purposes), we both (1) better prepare the
student for future learning about this topic and (2) mitigate unwanted Dunning-Kruger effects®
associated with the over-estimation of one’s understanding of a phenomenon (i.e., avoid the

illusion of explanatory depth).

Phenomenon-based sketch
Input and output only, mechanistic steps are hidden

ATP ADP P,

- < %—1

Glutamate Ammonium /\ Glutamine
Energy release mechanistic model Energy transfer mechanistic model
ATP ADP P,
——
+ H —= + e
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Glutamate Phosphorylated Ammonium Glutamime
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Figure 6.8. Using the energy release or energy transfer mechanistic models to unpack the black
box for how ATP drives the formation of glutamine from glutamate and ammonium.

While explicitly recognizing this explanatory black box can prepare students for future
learning, it still does not address the multiple mechanistic roles played by ATP, common
processes that can (and perhaps should) be emphasized given the biological importance of this
molecule. We posit that unpacking this black box by leveraging the energy transfer mechanism
would support students’ understanding of the mechanistic role of ATP, and thus, their ability to
explain or predict other biological processes involving ATP or energy transfer in these complex

systems.
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Using the energy transfer mechanism outlined by both biology and biochemistry
interviewees, we can describe the transfer of a phosphoryl group from ATP to glutamate,
forming the phosphorylated glutamate. This more reactive common intermediate can then
react with ammonium, releasing inorganic phosphate and producing glutamine. Broadly, a
similar approach could be applied for phenomena in which phosphoryl transfer does not occur,
like the non-covalent interactions formed with ATP binding to an enzyme. This physical
interaction, through either non-covalent or covalent forces, is key to explaining the mechanism
of energy transfer. This approach is also in better alignment with the actual mechanisms by
which the biological phenomenon occurs, as glutamine formation does not involve the
hydrolysis of ATP and instead occurs through the formation of a phosphorylated intermediate.
Further, we propose investigating the role of prior knowledge in understanding and explaining
these ideas, specifically by focusing on ideas about reactivity, which are often introduced in
chemistry courses. Using this approach unpacks how ATP provides energy; however, additional
explanatory black boxes which could be further unpacked still remain, for example, how and
why does ATP react with glutamate? or how does the phosphoryl group change the reactivity of
glutamate? These additional black boxes highlight the complexity of a relatively simple
biological phenomenon, and therefore, the importance of making explanatory black boxes
explicit, so as to best prepare students for future learning. This approach is our best
recommendation based on the evidence uncovered in this study, our understanding of the roles
of ATP, and the literature supporting mechanistic reasoning and its role in undergraduate
science education; however, future work should investigate the effectiveness of these specific

approaches. Based on this future work, we will refine these approaches to provide more
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effective materials to support students’ learning of the mechanism of a key role by which ATP

works in cells.
Limitations

Our goal in sharing much of our qualitative data was to highlight the authentic thoughts
of each participant; however, we recognize our biases, regardless of our attempts to mitigate
these biases as outlined in our positionality statement. We urge our readers to think deeply
about their own interpretations of these interview excerpts, as they may differ slightly from
ours. We are grateful to the instructors for trusting us with their thoughts and have sincerely
aimed to share this data appropriately and carefully.

Our focus with this work has been on chemical reactions, but there are other cellular
events in which ATP acts as a regulator, chaperone, signaling molecule, hydrotrope®?, etc. These
additional roles are critical in biology, as well as events leading to the synthesis of ATP and the
maintenance of high (millimolar) and steady intracellular ATP concentrations. We plan to
investigate these areas in future projects and encourage other experts to do the same. This
work reflects a focus on chemical reactions in biological systems because of our concern with
developing interdisciplinary teaching and learning techniques that help students link ideas
between their undergraduate chemistry and biology courses.

Several of the instructors we interviewed are involved in education research, and
perhaps a different group of instructors would include different ideas or different combinations
of ideas regarding both their teaching and disciplinary understandings regarding ATP.

Lastly, we used the teaching/learning code to represent the experiences instructors

shared with us during their interviews. This code captured a wide range of experiences, which
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we did not categorize into sub-codes; however, additional investigation should be done to
characterize how instructors feel about their current, past, or proposed teaching practices

regarding this critical topic so as to best support them and, in turn, their students.
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APPENDIX B. INTERVIEW PROTOCOL

Below is the entire interview protocol that KN and CF used when meeting with each

participant. However, we wish to reiterate the semi-structured nature of these interviews. By

no means did each interview ascribe directly to this protocol, as the instructors had several
thoughts and ideas that we did not anticipate, or they brought up ideas early on in the
interview that we had not intended to discuss until later. The protocol provided a general gui
to maintain the discussion; however, most of the instructors provided far richer conversation
than expected, resulting in altered trajectories well outside of the bounds to which this
protocol is limited.
Provide Participants With A General Overview Of The Project
1. Things to mention:
a. Goal of project — help students develop a more coherent understanding of
energy in chemistry and biology.
b. To achieve this — we are interested in understanding faculty perspectives on
energy to see how you think about energy-related ideas as an instructor, and
how you understand these ideas as an expert in your discipline.

2. Emphasize that this is not a test. We are genuinely interested in how you think about

energy so we can get a better idea of how we might be able to help students
understand these ideas as well.
Consent
3. Highlight important portions from the consent form

a. Will record the interview and transcribe after

de

S
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b. Will de-identify the data following this session, giving a pseudonym which would
be used if this data is published.

4. Explain the materials (i.e., zoom or recording device).

Introductions
5. KN or CF introduce themselves and thank participant for meeting

6. Ask about courses they teach/have taught, and area of research (if applicable)

Energy
7. Depending on the discussion so far, some ideas to include are listed below, but not all
are necessary —these may be dependent on the participant and what they have decided
to bring up at that point:
a. How would you define energy?
b. Does energy come up in your course(s)? How so?
¢. How would you describe energy transfer? What is it?
d. How would you explain the mechanism of energy transfer? How does it happen?
e. Do you think about energy differently in a chemical or biological system?
The Role Of ATP In Driving Unfavorable Processes
8. If they have not brought up ATP on their own, ask them about its role (suggested
questions below):
a. How do you think about the mechanism by which ATP is used as an energy
source?

b. How does ATP drive unfavorable processes?
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APPENDIX C. FULL CODEBOOK

Table 6.4 includes each code, a description of the code, an example segment, the

number of interviews in which the code occurred (“instructors with code”), and the number of

total occurrences across all transcripts (“segments with code").

Table 6.4. Full codebook including codes, descriptions, examples, number of interviews
with code, and number of segments with code.

coupling, vaguely or
explicitly.

pairing the hydrolysis of
ATP with unfavorable
reactions." (Jade)

Code Description Example segment Instructors | Segments
with code | with
code
Bond energy Discussing energy "So those weak bonds 13 43
changes associated are getting broken, and
with bond formation then stronger bonds
or bond breaking. are getting formed, and
that the forming of
those bonds is releasing
energy" (Olive)
Teaching/learning When the participant "I've done it both ways. | 12 61
discusses whether or I've tried to show them
not they understand a | the actual mechanism,
topic themselves or and | feel like that's a
how to teach that little bit too much for
topic; or when they them in second
discuss how students semester" (Fig)
understand or learn
ideas related to ATP or
reaction coupling.
ATP hydrolysis Discussing the "we do go through a 11 40
hydrolysis of ATP, or fairly detailed
the reaction of ATP description of why
with water. hydrolysis of ATP is
favorable" (lvy)
Coupled reactions Discussing reaction "I talk about it in 11 38
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Table 6.4 (cont’d)

Referencing disciplines When the instructor "what | want the studentsto | 11 30
explicitly discusses their | do and the way that | talk
own discipline or about sort of the biology of
another discipline and it, is to highlight that there is
how those disciplines a discrepancy between the
teach/think about ATP. | way that biologists will often
talk about it and the way
chemists talk about it."
(Basil)
ATP Synthesis Discussing the synthesis | "If you talk about ATP 9 23
or formation of ATP synthesis, right, you're using
that protons all on the...the,
inter membrane space
coming back into the
matrix." (Dracaena)
Stability Discussing stability of "there's an intermediate and | 9 12
systems or molecules. the intermediate is less
stable than the final thing"
(Jade)
Gradients Discussing membrane "that causes a change in the 8 17
potentials or chemical electrochemical potential
potential gradients in energy across the
the context of coupling | membrane, which is stored
or ATP. there, it isn't stored in a
particular molecule it is
stored as a... gradient in a fi-,
in a field, you know, and just
a total potential energy
thing." (Ginkgo)
Phosphate transfer Discussing the transfer | "I think most of the time, we | 7 19
of a phosphoryl group mean, it is phosphorylating
from one entity to the substrate, and activating
another (typically from | it based on a phosphoryl
ATP to some other transfer." (lvy)
molecule).
Enzyme Discussing enzymes in "And so when this ATP 7 17

the context of ATP or
reaction coupling
(including mentions of
kinase).

comes in, there's an enzyme
that functions and breaks off
two of those phosphates,
and then there's, it will join
with sort of your growing
DNA chain." (Olive)
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Table 6.4 (cont’d)

Common intermediate Discussing a "high- "instead of having the 23
energy" or phosphate just go to free
"phosphorylated" phosphate, let's donate it to
intermediate involved in | another molecule and have
reaction coupling. it become a phosphorylated
intermediate." (Monstera)
Explicit exclusion of a If the participant "Now we've got 7.6. Now 12
mechanism explicitly mentions that we can drive a reaction that
they do NOT address a has free energy change of
mechanism (how/why) less than 7.6 k calories per
of ATP being used as an mole in the other direction.
energy source And so, we but we don't
really get into how do we
couple those reactions?
How do we specifically go in
there?" (Monstera)
Biological example This code is used when "the simplest example 11
the participant gives a would be muscle
biological example of contraction. Right. You
ATP being used. need a lot of power to
proceed for muscle cells to
contract and relax."
(Philodendron)
Equilibrium Discussing equilibrium “...then the second reaction 17

(or concentrations of
reactants/products) in
relation to reaction
coupling or ATP.

will carry that in terms of
the intermediate and it gets
drawn along, drawn along,
just an example of what le
Chatelier's principle.
You're, you're shifting
equilibrium for the second
reaction by loading up with
react.” (Gingko)
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Table 6.4 (cont’d)

Conformational change

Discussing some
conformation or shape
change that is caused by
ATP.

"No, so, the, the, the form
of the enzyme, the
conformation of the
enzyme is different
between the ATP bound
and the ADP bound. So
when you hydrolyze, and
release, you know, so when
you hydrolyzed, that ATP,
you're going to usually
release the phosphate but
you get a conformational
change of the protein
related to that" (Lily)

11

Activation energy

Discussing a "barrier" or
the activation energy
required for a reaction.

"your molecules here and if
you put enough energy, you
kind of have an average
energy that's up at this
level. If you increase that
energy up, now you have
enough to actually
overcome the activation
energy that's associated
with that" (Basil)

Calculations

Discussing calculations
involved in ATP or reaction
coupling from either a
teaching perspective in the
course, or content-related
in understanding how ATP
works.

"we would talk about the
delta G equals delta H
minus T delta S. And we will
also then try to tie it into
well, under cellular
conditions, it's actually
different than under
standard conditions."
(Ficus)

11
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Table 6.4 (cont’d)

Phosphate repulsion

Discussing the charge
repulsions of neighboring
phosphate groups on ATP

"because these phosphate
groups have negative
charges, so they're sort of
repelling each other. And
which makes these oxygen
phosphorus bonds a lot
weaker than they otherwise
would be." (Olive)

Suggested resolution

When the instructor
mentions or suggests
some way of talking about
ATP that might be more
productive or useful for
students.

"we've always thought
about how do we talk about
energy in terms of ATP
cleavage? Maybe we should
be talking about energy in
terms of ATP formation."
(Monstera)

Note 1: Codes are listed in decreasing order of the number of interviews in which they occur.

Note 2: Some example segments include additional codes other than the one for which it is exemplifying.
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APPENDIX D. EXAMPLE EXCERPTS FOR REFERENCING DISCIPLINES

Figure 6.10 provides example excerpts for the code referencing disciplines. These

specific examples are from three biologists who mention a desire and/or effort to align content

with chemistry.

Eucalyptus: “so mostly ! just
copy what my chemist
colleagues tell me. | mean, all
of chemistry, according to my
colleagues in the first year,
both introductory courses is
justall about bonds, bonds
forming, what type of bonds
and stuff and the movement of
electrons, so | mean, that’s the
way | see energy also, then.”

Monstera: “Yeah, maybe. But ! but | had
remembered walking past [chemist’s name] class
and having [them] go ‘and the biologists won’t
explain it this way.” And | was like, what, hell we
won’t!”

Interviewer: “... do you know what they were
referring to or?

Monstera: “Well, [they were] talking, | think [they
were] talking about the energy within bonds and
how you would determine differences between
reactants and products?”

Olive: “/ want to do things
that are consistent with
chemistry. | have lots of
conversations with my
chemistry, you know, peers
to say, you know, am | doing
this right? Does this make
sense the way that I'm doing
it? So we talk, we spend a
reasonable amount of time
talking about bond energy...”

Figure 6.10. Example excerpts for referencing disciplines from three biology instructors.
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APPENDIX E. EXAMPLE EXCERPTS FOR TEACHING/LEARNING

Table 6.5 includes additional excerpts for the teaching/learning code, showing that

other instructors expressed experiences that were not positive.

Table 6.5. Example excerpts for the teaching/learning code.

Instructor Excerpt

Myrtle® “...in terms of how we talked about the role of ATP, we've clearly, I’'ve clearly been
doing that wrong.”

Lily® “And we just had [inaudible] the difference between an intermediate and a transition
state. So today-, | guess today caused some confusion.”

Olive® “You know, | have a, | have a, | would think a low-ish level of understanding, but | try

to teach students in a way that I'm not undoing things that they're learning in
chemistry.”

Eucalyptus®

“ATPisan A and a T and a P. There's like, it's all highlighted in yellow with sparky
little sunlight shapes around it like ‘pchooooo!’ that must be that right? So it must be
in there? And then ‘PCHOOOQOQO!’ Yep. So | think it's, | think, I think the
representations they see in the textbook become what they say on the test.”

“we tend to use a lot of shorthand in our language, we would get really sloppy in our
language and we're expecting students to sort of see through that, um, you know,
despite it being a high level biochemistry bond-, class, we still say ATP has high
energy bonds.”

Basil©

“it's really hard for students to carry this idea. Because when we talk- when they
often talk about it in biology, they're sort of the, hey we break the, you know, ATP
bond and energy comes out.”

Fige®

“knowing how to teach that connection... It's hard. It’s something | struggle with.
And | kind of feel like I'm very fortunate, because chemistry is the first class.”

Instructors listed according to discipline (green® = biology, bluec = biochemistry, grey® = chemistry)
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Chapter VII: Investigating The Impact Of A Learning Task On Students’
Use Of Mechanistic Resources When Explaining A Complex
Phenomenon

Background And Introduction

There is consensus in the science education community that the abstract concept of
energy should be included across grade levels and disciplines; however, energy is a notoriously
difficult concept for students (and experts) to grasp.’™ Physics Nobel Prize winner Richard
Feynman once said, “It is important to realize that in physics today, we have no knowledge
what energy is.”*° We would argue that this statement remains true today, making it
exceptionally difficult to productively discuss energy in science education contexts.

Despite its challenges, the central role of energy remains undisputed, making it an
important area of investigation in science education research. Further, its utility across science
disciplines (as both a crosscutting concept and core idea in chemistry, biology, and physics!'3)
make it a theme by which we might support students’ interdisciplinary learning. However, the
ways in which energy is discussed in these disciplines can vary quite significantly. In physics, for
example, energy is typically treated as quantifiable amounts that result from calculations, while
in the life sciences, energy is often discussed as something that life “captures” or “uses” or
“transforms” in order to survive.2 That is, the nature of the discipline drives how energy is
discussed in the classroom, potentially leaving students (and/or instructors) with siloed
understandings that lack coherence. For example, Kohn et al. (2018) interviewed students who
were co-enrolled in introductory chemistry and biology, finding that several students actively

separated their ideas about energy (particularly in relation to changes during bond breaking
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and forming) between their chemistry and biology courses. One student said, “I know for
biology what [the instructor] wants us to say, and then for chemistry what we have to say”.3

Previous work has documented the common non-canonical idea that breaking bonds
releases energy,* 23 frequently attributing this idea (and/or its persistence) to the ways in
which ATP is represented/discussed in biology courses. Research attempting to mitigate this
idea (in chemistry and physics education research) has proposed activities or instructional
materials that focus on the energy changes associated with ATP-mediated processes, by
discussing a mechanism involving ATP hydrolysis (that is ATP + H,O = ADP + Pi).161823 |ndeed,
ATP hydrolysis is highly exergonic, which is said to provide the energy to drive unfavorable
reactions. The exergonic nature of the hydrolysis is explained using bond energies: the weak
bond to phosphate in ATP is broken, and new stronger P-O bonds are formed in Pi and ADP.
However, ATP rarely hydrolyzes under cellular conditions, and never does so when used in
reaction coupling. This mechanism of energy release from hydrolysis begs the question of how
the energy is used to drive the unfavorable reaction. In fact, most ATP-mediated processes
involve a mechanism by which a phosphate group is transferred to a substrate or reactant, that
then undergoes a conformational change, or further reaction. If we consider this in terms of
energy, the energy is transferred through the reacting system rather than released.

In an earlier study, in which we interviewed a range of biology and chemistry instructors
about the function of ATP, we found that the majority of instructors tend to discuss
mechanisms involving energy release via ATP hydrolysis.?* While some did discuss energy
transfer (via phosphorylation by ATP), we also found that some instructors had dissatisfying

experiences with teaching and learning about ATP. They were frustrated and uncomfortable
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with approaches they were using. These results highlight the importance of finding an effective,
appropriate, and satisfying way to talk about ATP in undergraduate introductory biology
courses.

As a result of work highlighting disconnects between undergraduate chemistry and
biology, course transformation efforts at our institution have aimed to better align these
disciplines — that is, how can we better support students to build coherency between their
chemistry and biology courses? One major aspect of these efforts involves engaging students in
three-dimensional learning so as to support their construction and use of knowledge.3 That is,
rather than memorizing a set of facts for a given course, students are frequently prompted to
explain, predict, and model phenomena using core ideas, thereby developing habitual
engagement in these practices. Specifically, we focus on helping students explain how and why
phenomena occur by activating productive conceptual and epistemological resources that will
support powerful mechanistic explanations/predictions. In this study, we investigated the
effectiveness of a learning task in building students’ use of mechanistic resources as they

explain the role of ATP in driving unfavorable reactions.

Theoretical Framework
We approach this work using Hammer’s resources perspective of learning and
knowledge construction.?® According to Hammer (2000), resources represent fine-grained
conceptual or epistemological knowledge elements that are connected or disconnected in a
dynamic knowledge framework. These resources, given their dynamic and context-dependent
nature, are activated according to different situations, one of which could be assessments in a

classroom. Assessments have been shown to activate different resources based on the type and
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amount of scaffolding included (Noyes, 2022).26-28 For example, when shown a glucose
molecule (with several O-H bonds), many students activated the idea of hydrogen bonding to
explain how the molecule would bind to a protein binding site, without an explicit discussion of
the electrostatic forces underpinning the interaction; however, when the authors swapped the
glucose molecule for a positive magnesium ion (Mg?*), far fewer students discussed hydrogen
bonding and instead activated resources associated with electrostatic forces as the cause for
Mg?* binding.®

We use this resources perspective as a theory by which to support students’ mechanistic
reasoning in their chemistry and biology courses. Mechanistic reasoning, or
explaining/predicting how and why phenomena occur, has been theorized as a productive

29-33 We have previously leveraged frameworks outlined by

thinking strategy by several scholars.
Krist et al. (2018) and Russ (2008); however, as we have expanded into explaining complex
phenomena (i.e., phenomena that rely on connecting more than one or two core
ideas/concepts or can be explained using different principles), we have found a more general
framework better fitting. In general, all of the MR frameworks agree upon two components
required for a mechanistic explanation: (1) identifying relevant entities, and (2) unpacking the
activities of those entities which ultimately give rise to the target phenomenon.?*-33 We have
found that some stipulations, such as identifying the “scalar level below”,3? become difficult to
implement when explaining complex phenomena that can be explained using a number of

different constructs. Amidst our struggles to apply a given MR framework to the explanation of

complex phenomena, we came across the well-articulated article by Haskel-Ittah that

165



emphasizes the importance and utility of explanatory black boxes in science education
(particularly biology).3

An explanatory black box is “a ‘unit’ within a mechanistic explanation in which the
entities, their activities and interactions are unknown to the person receiving the information or
to the person constructing the explanation, such that a gap is created between one step in the
process and the next” 3% Haskel-Ittah points out the utility of explanatory black boxes when
constructing mechanistic explanations for phenomena, particularly in education as each
mechanistic/causal link may not be relevant to the topic of instruction; however, she also
emphasizes the importance of explicitly recognizing these black boxes, so as to avoid the
illusion of explanatory depth, or the belief that one fully understands causally complex
phenomena, when that may not be the case.?*

In this work, we focus on the ATP-driven formation of glutamine from glutamate and
ammonium, a commonly occurring coupled reaction in biological systems, which can serve as a
relatively simple model for many processes that occur via phosphate transfer. The mechanism
is often omitted, or implicitly black boxed.?* We chose to focus on reaction coupling, as the
mechanism directly connects to ideas discussed in chemistry including reactivity, high-energy
intermediate molecules, and predicted favorability of reactions, while carrying deep
significance in biology courses (typically units on metabolism). We aimed to support students’
use of mechanistic resources by using a modified version of evidence-centered design®® to
develop and refine a task that leverages the benefits of scaffolding in supporting students to

integrate new ideas with their prior knowledge/resources.?’:3537 |n particular, the goal of the
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task was to help students clarify and refine their prior ideas about ATP as an energy source by

focusing on the mechanism of energy transfer (i.e., the role of ATP as a phosphorylating agent).

Conceptual Framework

Given our interests in mechanistic reasoning, resources, and connecting ideas across
chemistry and biology, in this work we maintain a particular conceptual framework regarding
the role of ATP in reaction coupling. While cells are complex systems and cellular phenomena
result from several co-occurring events, we chose to focus on the role of ATP as a
phosphorylating agent in coupled reactions. This critical event (phosphorylation) drives the
direction of numerous processes in cells, one of which being the ATP-driven formation of
glutamine from glutamate and ammonium; however, there are certainly other events that
contribute to this outcome. For example, enzyme functionality, cellular concentrations of
reaction components, and entropic effects all play a role. For the purposes of this research, we
focus solely on ATP transferring a phosphoryl group and the resulting effect(s) of

phosphorylation (specifically, energetic/reactivity changes).
Research Questions

Previous research has focused on ATP hydrolysis to support students’ explanations for
how energy is released;'®823 however, explaining energy release leads to inexplicit use of
explanatory black boxes for how energy is transferred, thereby leaving students in the dark
about the mechanistic role of ATP in driving unfavorable reactions.?* If the ATP hydrolysis
approach is used, we believe that explicitly recognizing it as an explanatory black box is
necessary in order to prepare students for future learning. However, there is no existing

evidence as to whether introductory biology students can explain the mechanism of energy
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transfer (i.e., the role of ATP as a phosphorylating agent and subsequent effects). Thus, we
developed a task designed to support students’ understanding of these ideas. After developing
and implementing the task, we analyzed Molecular Biology and Organic Chemistry student
responses to answer the following research questions:
1. How do students explain the role of ATP in driving the unfavorable formation of
glutamine from glutamate and ammonium?
2. What is the impact of the task on students’ use of mechanistic resources when
explaining this phenomenon?
3. How do Molecular Biology student explanations compare to Organic Chemistry

student explanations for this phenomenon?
Methods

Participants And Data Collection

We collected responses at the end of the Fall 2022 semester from students enrolled in
Introductory Cell and Molecular Biology (MB) and Organic Chemistry | (OC). Both MB and OC
are large-enrollment courses offered at a large, research-intensive midwestern university.
Students were provided a small amount of extra credit for completing the task (described in the
next section) on an online assessment platform called beSocratic, which allows students to
work through a series of slides (similar to PowerPoint) and construct explanations.3® Students
could opt out of the research but still complete the task for extra credit if desired; we removed
these students from our analysis. We also removed blank or incomplete responses (e.g., “/
don’t know”). Finally, we asked both an initial and final question about the role of ATP (to
address RQ2), so we confirmed that each student had constructed both of these explanations,
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removing those who only had one or the other. This left a total of 440 OC explanations (220

students) and 1,352 MB explanations (676 students).

Task And Coding Scheme

In this section, we describe key aspects of the ATP task, which aimed to support
students’ use of mechanistic resources when explaining how ATP drives the formation of
glutamine from glutamate and ammonium. Ultimately, we leveraged scaffolding tactics to avoid
the rather convincing, incorrect, and pervasive idea that ATP is energy so that students are less
likely to state that ATP provides or releases energy that can be used, thereby black boxing (i.e.,
not unpacking or explaining) how energy is transferred and the mechanistic events contributing
to the phenomenon. Then, we describe how we characterize responses using a carefully
designed coding scheme, which includes both specific, conceptual resources that students used
in their explanations as well as holistic themes we generated to inform broader research and
practice implications.

The full final task is shown in Appendix A. To assess whether the task impacted student
understanding of the role of ATP, we asked students both an initial and final free-response
guestion about how ATP drives the formation of glutamine. The first few slides of the task
contain general information to prepare the students for their consideration of this
phenomenon. Then, in the initial prompt, we provide students with the image shown in Figure
7.1, followed by the prompt: How do you think ATP drives this reaction? Specifically, what
sequence of events occurs when ATP is added to the reactant system in order to produce
glutamine? We added the second question in this prompt to elicit the depth of students’

understanding.
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ADP Phosphate

ATPu
E + 4 — mmd
?

Glutamate Ammonium Glutamine

Figure 7.1. ATP driven formation of glutamine cartoon shown to students with initial prompt.

We will refer to responses to this question as students’ “i

subsequent slides introduce the common intermediate, phosphorylated glutamate, with
guestions probing ideas about reactivity and favorability. For example, we provide students

with the general favorability of two reactions: (1) glutamate reacting with ammonium

nitial explanations”. The

(unfavorable), and (2) phosphorylated glutamate reacting with ammonium (favorable) (Figure

7.2), followed by a question about relative reactivity.

is not favorable.

Recall that the reaction between
glutamate and ammonium (right) - * ‘ I ‘ * e

phosphorylated glutamate and
ammonium (right) is favorable.

sphoryiated

However, the reaction between - + ‘ — ‘ +

Glutamate

O

Which do you think is more
reactive? O Phosphorylated glutamate

O They are equally reactive

Please explain your reasoning.

B I UXx x*

Figure 7.2. Questions prompting students to think about reactivity and favorability regarding

the formation of glutamine.
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The final prompt asks students the following question: How was ATP used to “drive” the
formation of glutamine? It is not enough to just say that ATP provides energy. Be sure to explain
how ATP is involved in the formation of glutamine. We noted that it is not enough to just say
that ATP provides energy, in an attempt to elicit the mechanistic ideas that students held (from
prior knowledge and/or from newly integrated ideas stemming from the task).

Characterizing Student Explanations

Authors CF and DL developed the coding scheme using responses (see example
responses in Appendix B) from the second task version (Molecular Biology (N = 100) and
Biochemistry (N = 79 students)), which slightly varied from the final version (Appendix A) in that
the second version contained references to Gibbs free energy. Because of the variations in the
task, we refined and finalized the coding scheme using 80 responses from the final task version.
Our adherence to mechanistic reasoning and Hammer’s resources perspective largely guided
the development and refinement of the coding scheme. For example, we were interested in the
mechanistic resources that students leveraged (such as linking ATP to phosphorylation or
phosphorylation increasing the reactivity of the glutamate); however, we were also interested
in other ideas that students leveraged. For example, many students included general ideas
about ATP as an energy source, some mentioned activation energy, ATP hydrolysis, or a change
in structure/conformation. These ideas were not explicitly addressed at any point in the task,
and, thus, they likely represent pre-existing knowledge that the task activated in some way (this
is not surprising as many, if not all, of the students had experienced learning about ATP in some

capacity prior to completing this assignment).
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The analytic coding scheme included 10 bins (Table 7.1), each of which is coded as “yes”
or “no” depending on the evidence provided in the student response. The ideas students
leveraged can be broken down into these conceptual resources; however, we also wanted to
characterize their responses holistically. We have categorized some of the analytic bins as
representative of “mechanistic” (shaded grey in Table 7.1) and others as “non-mechanistic”
resources; however, we wanted the holistic characterizations to reflect students’ conceptual
frameworks. Further, more often than not, the “non-mechanistic” resources are not incorrect,
and we do not intend for the category to be perceived as “worse” or “less sophisticated”. Thus,
we collapsed student responses, based on the presence or absence of specific analytic bins, into
three overarching themes: “Phosphate transfer”, “Energy release”, and “Other”. The essence of

these themes are discussed in the Results section for RQ1.
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Table 7.1. Analytic coding bins and corresponding student examples.

Coding Bin Example response

Link ATP to

. “ATP provides glutamate with the phosphate it needs...” —1_1027 (OC)
phosphorylation

Phosphorylation increases | “the phosphorylation of glutamate raises the free energy of the reactants in the
energy/reactivity first reaction in the sequence” — B1048 (MB)

Phosphorylation increases | “ATP donates a phosphate group to the glutamate and that phosphate group
favorability makes the reaction favorable.” —1_1021 (OC)

“ATP changes the structure of glutamate by giving it a phosphate. This new
Change structure structure allows the reaction to become favorable and continue until glutamine is
formed.” —2_1019 (OC)

Making a reaction “ATP makes this unfavorable reaction favorable as the dephosphorization [sic] of
favorable via ATP atp is favorable” —1_1089 (OC)

ATP as a source of energy | “The ATP is what supplies the energy for the reaction” —1_1020 (OC)

ATP hvdrolvsi “...when this reaction is coupled to the favorable hydrolysis of ATP to ADP the
rolysis
yaroly unfavorable reaction turns into a favorable reaction.” — B1436 (MB)

“ATP gives it a Phosphate, which allows the activation energy of the final reaction

Activation ener
&y to be much lower.” —2_1229 (OC)

“When there is a high cellular concentration of ATP, equilibrium shifts to produce

Equilibrium

more of the product (phosphorylated glutamate) ...” — B1511 (MB)

“It is the creation of ATP from ADP using energy from sunlight, and occurs during
ATP “other” photosynthesis. ATP is also formed from the process of cellular respiration in the

mitochondria of a cell...” — B1375 (MB)

Note: Grey highlighted cells represented mechanistic resources.

Authors CF and DL used the analytic coding scheme shown in Table 7.1 to code 95
responses independently in order to determine acceptable inter-rater reliability. We used
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Cohen’s Kappa (k) to determine our agreement for each analytic category, as the codes are
ordinal and non-mutually exclusive.?® The «k values for these categories ranged from 0.732
(substantial agreement) to 1.000 (perfect agreement).*® We also calculated k values for the
three holistic categories (Phosphate transfer (x = 1.000), Energy release (k = 0.963), and Other
(x =0.951)). For these 95 responses, CF and DL discussed disagreements to determine 100%
consensus. Author DL coded the remaining responses independently, discussing edge cases
with CF to determine the final codes used in our analysis. When coding the OC responses, we
were aware whether it was an initial or final explanation; however, we were not aware of initial
versus final for the MB responses. To test the significance of our findings, we used Pearson’s
Chi-Square (x?) tests, Cramér’s V, and McNemar tests, each of which was calculated using SPSS

Statistics Version 28.%1
Results

We have organized the results to start by providing a detailed account of student
responses. To answer RQ1, we focus on the different conceptual ideas that students included in
their explanations, followed by a description of three holistic categories that we generated
based on common themes. In these results, we show a general distribution of the ideas
students included in their explanations to give an overall picture of what we saw in the data.
Then, to answer RQ2, we discuss how students’ responses changed from initial to final using
the holistic characterizations that are described in the RQ1 results. In this section, we share
results from individual students, showing examples from the most common change that we
observed between initial and final explanations, thus identifying the impact that the task has on
students understanding this phenomenon. Lastly, because we sampled from both MB and OC,

174



we compare the responses from students in each course to answer RQ3 in support of our

interdisciplinary efforts.

Research Question 1: How Do Students Explain The Role Of ATP In Driving The Unfavorable
Formation Of Glutamine From Glutamate And Ammonium?
Capturing Students’ Use Of Conceptual Resources
We asked students both at the beginning and end of the activity how they think ATP

“drives” the formation of glutamine. In analyzing responses to both questions, we found that
students leveraged a range of ideas, which we captured using our analytic coding scheme
(Table 7.1). These codes included ideas such as the role of ATP as a phosphorylating agent (/ink
ATP to phosphorylation), ATP generally “providing” energy (ATP as a source of energy), the
effects of phosphorylation (phosphorylation increases energy/reactivity, or phosphorylation
increases favorability), etc., with the number of codes for each explanation varying as students

could include any number of these ideas in their responses.
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MB and OC initial and final code frequencies

Equilibrium

Activation energy

ATP hydrolysis

ATP “other”

ATP as a source of energy

Making a reaction favorable via ATP
Change shape/structure
Phosphorylation increases favorability

Phosphorylation increases energy/reactivity

Link ATP 0 phoSPh Oy 1atiON  —————— e ——

0% 10% 20% 30% 40% 50% 60% 70% 80%

B Organic Chemistry Final Organic Chemistry Initial B Molecular Biology Final Molecular Biology Initial

Figure 7.3. Frequency of codes for initial and final explanations in Organic Chemistry and
Molecular Biology.

This analytic coding scheme allowed us to capture the fine-grained conceptual resources
that students used to construct their explanations. For example, the idea that ATP is a
phosphorylating agent is a mechanistic idea that many students used in their reasoning
(particularly in their final responses as indicated by the dark yellow and dark blue bars in Figure
7.3). We consider this resource as mechanistic, because it involves an “activity” of an important
“entity” (ATP) in this phenomenon or a relationship between two entities: the ATP and the
reactant (glutamate). A smaller number of students included additional mechanistic resources,

such as the effect that phosphorylation has on glutamate. By recognizing that phosphorylation
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increases the energy of the reactant, 33% of OC students and 18% of MB students (in their final
explanations) identified an additional entity (the phosphorylated glutamate) and an important
property of that entity (its relative potential energy). These ideas support a fully mechanistic
explanation for how ATP drives an unfavorable reaction.

Other frequent resources that students leveraged include generally linking ATP to
energy or favorability. For example, many students in both courses identified ATP as a source of
energy (43% OC and 41% MB initial responses), a productive idea for a macroscopic prediction
(i.e., by “providing” energy, the reaction will favor products), but less productive for a
mechanistic explanation (i.e., how ATP is involved). We also noticed some (<10%) students
invoking ATP hydrolysis, which was intentionally excluded from the task design. Thus, we
believe this is due to prior experiences students have had with learning about ATP (as an energy
source).?*

Capturing these ideas provide a detailed picture of what students leveraged in their
reasoning; however, it is difficult to use this information practically (i.e., as instructors making
holistic conclusions about students’ conceptual understandings). The holistic characterizations,
which we discuss next, provide a more general depiction of students’ conceptual frameworks
regarding the role of ATP, allowing us to draw more meaningful implications for research and
practice.

Holistically Characterizing Student Responses

Mechanistic Resources: “Phosphate Transfer”

The responses characterized as “phosphate transfer” were those that incorporated the

mechanistic resource of ATP acting as a phosphorylating agent (code: link ATP to
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phosphorylation). These responses may have also referred to ATP as an energy source or
included non-mechanistic resources. For example, consider student B1154 (MB) who wrote,
“ATP transfers a phosphate group to the reactant side, through the process called
phosphorylation. The release of energy from ATP goes to the reaction and provides the energy
for the unfavorable reaction to happen. Without the added energy from ATP the reaction would
not happen.” Their first sentence clearly indicates an understanding of ATP transferring a
phosphoryl group (code: link ATP to phosphorylation), but the following two sentences discuss
ATP providing energy in a more general, non-mechanistic way (code: ATP as a source of
energy).

Because of the large number of students who linked ATP to phosphorylation (over 70%
of final responses from both OC and MB), we further divided this group into sub-categories
(Figure 7.4) using our analytic scheme. The first group linked ATP to phosphorylation but did
not discuss the effect(s) that phosphorylation has on the reactant or reaction (25% of all final
responses). A second group of students linked ATP to phosphorylation and explained that the
phosphorylation causes a change in structure (an idea not explicitly included in the task, thus
indicating it as prior knowledge that some students activated). Only 34 students (< 4%) used
this in their final responses; thus, with so few responses, it is unclear how or why students
might be leveraging this idea, and whether it is being used productively. Some students do
seem to productively leverage the core concept of structure-property-function to build their
explanation, such as student 1046 (OC) who wrote, “ATP is used to drive the formation of
glutamine by providing energy. ATP does this by phosphorylating the glutamate which changes

the shape of the molecule allowing it to be in a more reactive and favorable state.” Other
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students discussed structural aspects more implicitly, such as student 1094 (OC) who wrote,

“Once the glutamate is phosphorylated the phosphorous can act as a leaving group and the

ammonia can attach,” bringing in explicit structural resources from organic chemistry. Lastly,
some students might be leveraging electrostatic forces when considering the effects of
phosphorylation. For example student B1881 (MB) wrote, “The phosphate in ATP is transferred

to other molecules to make new unstable bonds. The unstable bonds are weak and easy to

break, while the final bonds are strong and stable.”

The responses including ideas about structure, while there are few, contain interesting
ideas that represent students’ prior knowledge, as the task primarily aimed to activate
resources related to energy/reactivity. Students that productively linked phosphorylation to
energy or reactivity changes, in addition to linking ATP to phosphorylation, make up the largest
Phosphate transfer sub-category (42% of all final responses). These responses reflect the ideas
that our task aimed to activate so that students might productively link them to the
phenomenon of ATP driving an unfavorable reaction. For example, some students correctly
indicated that phosphorylating the glutamate increases its reactivity, such as student 1466 (MB)
who wrote, “The ATP creates a intermediate product by adding a phosphor [sic] group to the

glutamate and the phosphorylated glutamate is at a higher energy state and can react with the

ammonium...” Students in this group may have also indicated that phosphorylation makes the
overall reaction more favorable. For example, student 1051 (OC final) wrote “ATP drives the
formation of glutamine by donating a phosphorous, thereby phosphorylating the glutamate and

making it more reactive, which in turn makes the reaction favorable.”
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"ATP drives this reaction by transferring the
——  Only link ATP to phosphorylation —— terminal phosphate to the substrate,
ammonium." - 1_1054 (OC)

"ATP is dephosphorylated [...] In this case, it is able to
. . . phosphorylate glutamate, which makes glutamate
Link + phosphorylatlon Increases highly reactive with increased potential energy for the

energy, /favo rability molecule. When paired with an also-reactive
ammonium ion, it easily forms Glutamine." - 2_1064
(0C)

Link + phosphorylation changes "... A phosphate from the ATP is added to the
glutamate by a kinase changing its shape to

structure allow the ammonium to bind." - B1754 (MB)

"[...] makes the overall reaction favorable through its use of ATP|
and substrates [...] The substrate now has a phosphate that was|
added to it to help begin the second reaction of the substrate
Lin k + ene rgy + structure and ammonia. The phosphate changes the shape of the
substrate to allow it to bind to ammonia. Ammonia will then
take the phosphates spot on the substrate to produce glutamine|
and a phosphate ion." - B1412 (MB)

Phosphate transfer
(use of mechanistic resources)
I

Figure 7.4. Subcategories of the Phosphate transfer group — darker shaded categories indicate
inclusion of more mechanistic resources.

Non-Mechanistic Resources: “Energy Release”

Student responses that we characterized as “Energy release” were those that linked ATP
to energy or favorability (analytic bins: making a reaction favorable via ATP, and/or ATP as an
energy source), and did not link ATP to phosphorylation (nor did they explain the effects of
phosphorylation). For example, student 1161 (OC) wrote, “The breakdown of ATP to ADP
releases energy which can then be used to assist the reaction.” Responses in this theme (20% of
final responses) black-boxed the mechanism of energy transfer — however, we cannot be sure
whether some of these students (1) intentionally chose to leave the mechanism black-boxed
(perhaps believing this was sufficient for a complete answer) or (2) were unaware of this
mechanism (initial responses) or did not follow the task to sufficiently understand the

mechanism (final responses) and thus, their response reflected the extent of their
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understanding. We believe it is a result of the latter explanation, as our previous work shows
that students tend to give their best effort on formative assessment tasks and extra credit
tasks, so we are inclined to believe that their written responses are an appropriate reflection of
the depth of their understanding.*?

Non-Mechanistic Resources: “Other”

We labeled the last category of responses as “Other”, which included non-mechanistic
ideas — that is, students leveraged resources that were not directly related to the task or
phenomenon, or constructed explanations with vague/inconclusive ideas that we did not feel
confident placing in the other categories. For example, consider student B1255 from MB who
wrote, “The sequence of events that occur when ATP is added to the reactant system to produce
glutamine is some sort of synthesis, for example it could be when one molecule of glutamine
enters the mitochondria.” Similarly, student 1056 from OC wrote, “ATP is involved in the
formation of glutamine as the ATP is the important part for the start of the formation of
glutamine. If ATP was absent in the process, the process would stop and not proceed.” Neither
of these explanations provides mechanistic information regarding how ATP is involved in the
formation of glutamine. The first student seemed to be incorporating prior knowledge, but they
did not link their prior knowledge to any mechanistic ideas related to reaction coupling; the
second response gives a vague description of the involvement of ATP without providing ideas
for how or why it is involved.

Figure 7.5 shows the overall percentage of final responses (both OC and MB) in each
category, with the phosphate transfer group (blue shades) broken into its four sub-groups (see

N values for each course in Table 7.2). It is not surprising that such a small number of students
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leveraged structural changes in their explanations, as we did not scaffold for the activation of
these ideas; however, the fact that students included it without being prompted to do so,
suggests its potential utility in developing a mechanistic understanding of ATP, something that

we plan to explore in future work.

Holistic characterization of final responses (OC and MB)

Other
9%

Link ATP to
phosphorylation
25%

Energy release
20%

Link + structure +

energy
1% Link + energy

Link + structure and/or
3% favorability

42%

Figure 7.5. Distribution of final responses (both OC and MB; N = 896) according to holistic
characterization, with the Phosphate transfer group broken into its four subcategories.
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Table 7.2. Number (and %) of final responses (OC and MB) in each category.

Category Number (%) of OC  Number (%) of MB  Total number of
final responses final responses responses

Link ATP to phosphorylation (Link) 51 (23.2%) 175 (25.9%) 226

Link + energy and/or favorability 102 (46.4%) 275 (40.7%) 377

Link + structure 5(2.3%) 17 (2.5%) 22

Link + structure + energy 3 (1.4%) 9 (1.3%) 12

Energy release 31 (14.1%) 148 (21.9%) 179

Other 28 (12.7%) 52 (7.7%) 80

Research Question 2: What Is The Impact Of The Task On Students’ Use Of Mechanistic
Resources When Explaining This Phenomenon?

Because we asked students to explain this phenomenon both at the beginning and end
of the task, we could investigate whether working through this task supported students in
building a mechanistic explanation for how ATP drives the unfavorable formation of glutamine
from glutamate and ammonium. Using McNemar’s test, we found that both the MB students
and the OC students significantly (MB: p < 0.001, OC: p < 0.001) changed their explanations so
that they included more mechanistic resources (Phosphate transfer group) in their final
explanations. For this statistical test, we combined the Energy release and Other categories,
since neither category includes mechanistic resources (for this phenomenon). Appendix B
(Tables 7.5 and 7.6) provides the number of students in each course whose responses did not
change or changed to include (or not include) mechanistic resources. We also created Sankey
diagrams (Figures 7.6 and 7.7) to show the individual OC and MB student changes from initial to

final according to each of the three categories (Other, Energy release, and Phosphate transfer).
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Phosphate 161 (73.2%)
transfer
60 (27.3%)
Energy
release
115 (52.3%)
31 (14.1%)
Other
45 (20.5%) 28 (12.7%)
Initial Final

Figure 7.6. Individual changes from Organic Chemistry | students’ initial and final explanations.

Phosphate 476 (70.4%)

transfer
260 (38.5%)

Energy
release

338(50.0%)

148 (21.9%)

Other

78 (11.5%)
Initial Final

Figure 7.7. Individual changes from Molecular Biology students’ initial and final explanations.
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The most common change (colored flows in Figures 7.6 and 7.7) in students’

explanations, was to shift from an Energy release explanation to a Phosphate transfer

explanation (MB: N = 231, 34%; OC: N = 88, 40%; total: 35.6%). For example, consider the OC

and MB student explanations shown in Figure 7.8. Both students’ initial explanations placed

them in the Energy release category. However, after working through the task, both students

identified the role of ATP in transferring a phosphate to glutamate. The OC student recognized

the role of ATP in phosphorylation, but they did not explain the effect that phosphorylation has

on the reactant or the reaction overall (i.e., changing the glutamate’s structure, energy, or

reactivity, or changing the favorability of the reaction). The MB student did build this

connection, and their response included several productive mechanistic ideas and connections

(Link + energy + structure).

OC: 1016

Initial: “ think that ATP drives this reaction because the reaction of
ATP to ADP + phosphate is a favorable reaction. Since the reaction
of glutamate + ammonium --&gt; glutamine is unfavorable, it is
able to pair with the ATP reaction and use the energy released to
produce glutamine.”

Final: “ATP is used to drive the formation of glutamine by first
reacting with glutamate to form phosphorylated glutamate and
ADP. The phosphorylated glutamate then reacts with ammonium to
produce glutamine and the left over phosphorus. Without ATP the
reaction would not occur because glutamate does not react with
ammonium on its own, it needs to be phosphorylated first.”

% MB: 1130

Initial:

Final: “ATP drives the formation of glutamine by phosphorylating
the glutamate [ ...] Once a phosphate group is removed from ATP
due to the weak interactions and phosphorylates glutamate, the
reaction continues to produce a different reactant, phosphorylated
glutamate, that is able to bind with ammonium. The phosphorylated
glutamate is more reactive with the phosphate group added and
changes the function which makes it easier to take on the
ammonium. Once phosphorylated and able to bind ammonium
producing glutamine is possible.”

Figure 7.8. Example students whose explanations changed from Energy release (initial) to

Phosphate transfer (final).
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We posit that these students integrated their prior knowledge about ATP providing
energy (an explanatory black box) with new ideas (presumably from the task) about the
mechanism by which ATP does this, i.e., by transferring a phosphoryl group. This coherent
integration of knowledge is ultimately our goal; however, not all responses were as well-
constructed as these. For example, some students used both prior ideas and ideas from the
task in their final explanations without linking these ideas coherently. We provide example

responses in Table 7.3 to explicate this important finding.
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Table 7.3 Examples of incoherent “Phosphate transfer” explanations.

Student ID

Final Explanation

B1198

“A phosphate is removed from ATP and ADP and a phosphate is produced which is favorable
because ATP is breaking down which is couples to this unfavorable reaction to produce glutamine
in the forward reaction. The breaking down of ATP into ADP and phosphate is what is needed in
order for the forward reaction to occur. The glutamate will be phosphorylated and then used to
produce glutamine when the phosphorylated glutamate reacts with ammonium”

2 1123

“ATP drives the formation of glutamine by undergoing an exergonic reaction. When ATP is
reduced to ADP, it is dephosphorylated which causes energy to exist the system in the form of
phosphate. The phosphate in the cellular environment attaches to the glutamate, providing the
energy needed for it to react favorable with ammonium. This allows for the reaction to proceed
in the forward direction, driving the formation of glutamine.”

B1302

“ATP drives the formation of glutamine by providing the needed phosphate to phosphorylate the
glutamate so it is able to bond to ammonium and form glutamine. additionally, ATP [ 2] ADP + Pi
is a favorable process therefore it can pair with the formation of glutamine to let that reaction
occur”

B1917

“ATP drives this reaction by giving the system energy that escapes when the bond between ADP
and the phosphate group breaks. This event is called hydrolysis and in this event the ATP acts like
a charged battery, releasing free energy to the reaction allowing for the glutamate and
ammonium to bond and form Glutamine. The free phosphate group bonds to the Glutamate
which leads to the Ammonium eventually taking its place”

21143

“he [sic] first reaction involves cleaving off a phosphate from ATP to make ADP + P. This action
releases an immense amount of energy that can be used to drive the initial reaction to make
phosphorylated glutamate. This intermediate is extremely reactive because of the added
phosphate and will then react with ammonium to give us a final product of glutamine and a
phosphate.”

B1720

“ATP is used to drive the formation of glutamine in a couple of ways. Firstly, the overall reaction
that produces glutamine is unfavorable by itself, so it must be coupled to a reaction that is
favorable. In this example, that favorable reaction would be the dephosphorylation of ATP. When
a phosphate group is removed from ATP, that releases energy. That energy is then used to drive
the reaction forward. Lastly, the phosphate group from the ATP is then attathed [sic] to

glutamate, phosphorylizes [sic] it, and is further used as a reactant.”

Note: Orange highlighted text indicates what we assume to be prior knowledge (as these ideas were not included in the

task), and the blue highlighted text indicate mechanistic ideas (either prior knowledge activated by the task, or newly
integrated ideas from the task).

We found that this task resulted in an increase in the number of students explaining

how ATP drives unfavorable reactions by leveraging its mechanistic role of phosphorylating (or

“activating”) a reactant (in this case, glutamate). However, these explanations represent a
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range of coherent and incoherent integration of resources. We discuss the implications of these

findings further in the discussion section.

Research Question 3: How Do MB Student Explanations Compare To OC Student Explanations
For This Phenomenon?

Our final research question asks whether the responses from biology students (MB)
differed from organic chemistry students (OC). There is some evidence that students see their
chemistry and biology courses as disconnected.® However, since this publication,
transformation efforts to better align chemistry and biology at this institution have been in
effect, with introductory courses in both disciplines aiming to support students’ mechanistic
reasoning and use of prior knowledge (as opposed to siloed courses in which ideas in one are
disconnected from those in another). Our recent work has shown that students co-enrolled in
general chemistry and molecular biology do not construct different responses when situated in
each course for a task about preferential protein-ligand binding,** supporting the effectiveness
of the transformation efforts. To continue these efforts, we administered the current task to
both biology and chemistry students (in this case, organic chemistry students, as this group of
students had most likely already completed the MB course).

While a Pearson’s Chi Square test showed there is a difference in final explanations
between the MB and OC student explanations (2 = 9.950; p = 0.007), the effect size is quite
small (Cramer’s V = .105), suggesting that this difference is not meaningful. We also measured
whether there is a difference in MB and OC initial explanations. The results showed a significant
difference (xy? = 15.600, p < 0.001), but, again, the effect size is small (Cramer’s V = 0.132). The

initial and final percentages for both courses are shown in Table 7.4, and the final percentages
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of both courses are shown graphically in Figure 7.9. These findings suggest that there could be
some minor context-driven differences (e.g., student 1094, who referred to the added
phosphate as a good leaving group, a commonly discussed idea in OC); however, the overall
distribution is similar — thus, the task has activated similar ideas for both groups of students,

regardless of course context.

Table 7.4. Percent distribution of responses in MB versus OC (for initial and final
explanations).

MB initial OC initial MB final
Phosphate transfer | 38.5% 27.3% 70.4%
Energy release 50% 52.3% 21.9%

Other 11.5% 20.4% 7.7%

MB vs OC Final Explanations

100%
90%
80%
70%
60%
50%
40%
30%

20% .
10%
% = ]
MB oC MB oC MB oC

Other Energy release Phosphate transfer

Figure 7.9. MB versus OC final explanations.
Discussion

We began this work as an effort to support students’ mechanistic understanding of how

ATP “provides” energy in common biological processes, like reaction coupling. The integral role
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of ATP in biological systems is undisputed; however, our previous work (and a gap in the
literature) suggests that this role may not often be explored using a mechanistic lens in
introductory molecular biology courses.? It is our understanding that, traditionally, the role of
ATP as a phosphorylating agent is inexplicitly black boxed — that is, representations and
instruction leave students in the dark about how ATP (or the hydrolysis of ATP) provides energy
to drive unfavorable processes by neglecting to explicitly recognize that there are additional
mechanistic events and entities involved (such as a phosphorylated intermediate).?**
Explaining this phenomenon using a mechanistic reasoning lens provides an opportunity for
students to leverage core concepts such as “energy transformations” or “structure &
function”!, which overlap significantly with the crosscutting concepts “energy” and “structure
function” as outlined by the NRC (2012).%2 These themes are central to the scientific discipline
and should be used as tools to support students’ reasoning about complex phenomena; thus, it
is imperative that, as educators, we provide the opportunity for them to do so. Our work aims
to specifically help students build connections both within and between their undergraduate
chemistry and biology courses, and these themes carry salient significance in both disciplines.
With all of this in mind, we were first interested in the ideas that students leveraged
when asked to explain how ATP drives the unfavorable formation of glutamine from glutamate
and ammonium. Using a resources perspective of learning to construct an analytic coding
scheme, we captured the range of conceptual resources students used in their explanations.
Some of these ideas emerged as prior knowledge — that is, the ideas were not explicitly
included in the task, but were activated in the minds of some students. For example, some

students leveraged the idea that phosphorylation would result in a structure, shape, or function
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change, ultimately resulting in the formation of glutamine. Additionally, many students
(particularly in their initial responses) discussed the role of ATP as an energy source (or as an
entity which can make an unfavorable reaction more favorable). Alone, this latter idea, while
productive and appropriate in some contexts, implicitly black boxes the mechanism of energy
transfer, which, as noted, is a core concept in undergraduate biology courses. It was our goal to
help students coordinate these general ideas about ATP and energy with the mechanistic
events that result in their outcome. We found that most students, in their final explanations,
generally relied on some combination of four mechanistic resources: (1) linking ATP to
phosphorylation, (2) phosphorylation increasing the energy of the reactant, (3) phosphorylation
increasing the favorability of the reaction, and/or (4) phosphorylation changing the structure of
the reactant. While we expected to observe student use of the first three ideas, it surprised us
to also see some students using ideas about structure-property-function (SPF) relationships in
their explanations. The few students who used these ideas did so in varying ways, so we refrain
from making any general claims here. However, if SPF relationships (and or forces/interactions)
are leveraged productively, they may serve as a link between the role of ATP as a
phosphorylating agent and the resulting energetic changes associated with coupled reactions.
To address the goal of helping students explain the mechanistic role of ATP (and
therefore, integrate their prior knowledge with mechanistic resources), we asked students both
at the beginning and end of the task to explain how ATP drives the formation of glutamine. In
both courses, students’ explanations significantly changed, with more Phosphate transfer
explanations (i.e., use of mechanistic resources) in the final responses compared to initial

responses. That is, by working through this learning task, students seem to have developed,
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refined, and/or advanced their mechanistic ideas about the role of ATP. It is important to note
that some students in the Phosphate transfer group had trouble coherently connecting their
prior knowledge about ATP as an energy source to its role as a phosphorylating agent. For
example, student B1917 wrote “ATP drives this reaction by giving the system energy that
escapes when the bond between ADP and the phosphate group breaks. This event is called
hydrolysis and in this event the ATP acts like a charged battery, releasing free energy to the
reaction allowing for the glutamate and ammonium to bond and form Glutamine. The free
phosphate group bonds to the Glutamate which leads to the Ammonium eventually taking its
place.” While the student has identified a phosphorylation event, they seem to be thinking
about it as two isolated reactions — that is, the ATP first releases a phosphoryl group (prior
knowledge about ATP hydrolysis), and then that group reacts with glutamate to form
phosphorylated glutamate (rather than the more canonical explanation that ATP directly reacts
(collides) with glutamate resulting in the phosphate transfer). Thus, while it is encouraging that
a number of students recognize the importance of phosphorylation, integrating this idea with
prior knowledge about ATP warrants additional investigation. Further, while the idea that
breaking apart ATP results in energy release is often considered a misconception, we are aiming
to activate resources that can be integrated with mechanistic ideas so as to help students build
a robust framework of knowledge about the role of ATP. The goal is not to “replace” this
misconception, but rather activate appropriate and productive resources that support students
in their understanding of biological processes and energy transformations.

Lastly, we administered this task to students in both molecular biology (MB) and organic

chemistry (OC), both of which have incorporated transformative efforts aimed at helping
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students to (1) build connections between chemistry and biology and (2) engage in mechanistic
reasoning about phenomena. The OC course was completely transformed for life science
students — that is, it explicitly connects chemistry ideas to different biological phenomena — so
as to incorporate three-dimensional learning throughout the curriculum.* In 2018, prior to MB
course transformation efforts, Kohn et al. found that students actively separated their ideas
about energy between introductory biology and chemistry;3 thus, we hoped to see in this work
that, regardless of course, there would be little difference in how students responded to the
task (i.e., we have aimed to support students in using their knowledge to construct robust and
thoughtful explanations about complex phenomena, regardless of course context). We found
there to be a negligible difference in responses constructed by OC and MB students (the small
effect size renders this “difference” rather meaningless). However, we predict that students in
traditional curricula would respond quite differently to this task, as previous work has shown
that students in transformed curricula (which emphasize mechanistic reasoning) are better able

to construct mechanistic explanations.4246-4°
Conclusions And Future Directions

This work has shown that a carefully designed task can support learners to connect
mechanistic resources with prior knowledge in order to engage in mechanistic reasoning about
the role of ATP in reaction coupling. We have provided the full task in Appendix A with the hope
that instructors across chemistry and biology courses will use and modify it to support students
in refining these ideas.

Our previous work has shown that engaging fully in mechanistic reasoning strongly

correlates with making correct predictions.*® Thus, in future work, we plan to develop question
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prompts that require activation, use, and refinement of these mechanistic ideas while making
predictions about related phenomena. For example, how do students predict ATP will facilitate
the transfer of ions across a membrane pump? We also recognize the complexity of
phenomena involving ATP and, therefore, the utility of explanatory black boxes. Given the vast
amount of information that introductory MB instructors are often tasked with covering, it may
not always be reasonable to dive deep into a mechanism; however, in such cases, we urge
instructors to make explanatory black boxes explicit, so as to best prepare students for future
learning and avoid instilling an illusion of explanatory depth.3* Many students adhered to the
ideas associated with Energy release (thereby black boxing energy transfer), even after working
through our task. ATP hydrolysis is pervasive in biology textbooks,** so it is not surprising that
the general non-mechanistic descriptions of the role of ATP showed up in our data. It is possible
that these students lost the thread at some point while working through the task, and then
resorted to prior knowledge about ATP once posed the final question; however, we would need
to conduct think-aloud-interviews to know this for sure.

Lastly, we are currently investigating whether this task (and other mechanistic reasoning
tasks) are equitable. That is, does this task support/hinder students with different
experiences/backgrounds? According to Ralph et al. (2022), exams with more mechanistic
reasoning assessment items result in more equitable outcomes for students when compared to
items assessing calculations or rote memorization.>® Our future work will contribute to an
understanding of the impact of MR tasks on all students. We also think it would be fruitful to
interview students to better understand whether these tasks are meaningful for their

lives/education, and, if so, how?
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Limitations

The task we developed, while shown to increase student use of mechanistic resources,
is perhaps not optimized. We included a slide that asked students how the concentration of
ATP would impact the direction of the coupled reaction to activate ideas about Le Chetalier’s
principle. We expected that more final responses would include ideas about equilibrium;
however, a very small percentage of students did so, and we will likely remove this from the
task.

As noted, both courses from which we gathered student responses have been
transformed to support student engagement in mechanistic reasoning. Thus, students in
different courses or at a different university would likely construct different responses.

Upon coding the large set of data, author DL noticed that there may have been some
copied or Al-generated responses. We did not remove these responses from our analysis, as it

was not suspected until late in the coding process and was a negligible proportion (>1%).
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APPENDIX A. THE FULL FINAL TASK

Figures 7.8 — 7.20 show screenshots from beSocratic of the full activity from a student’s

perspective.

V

Full credit will be awarded for putting forth full effort into this activity, regardless of the
correctness of your response. Additionally, please answer these questions without using
any outside resources (eg. your notes, the internet, friends).

Note: Once you click "complete” at the end of the activity you won't be able to open it again

Figure 7.8. Slide 1 of the final task.
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Often, we describe reactions as being favorable or not favorable.

In biological systems, many reactions, when isolated, are not favorable; however, when
coupled to ATP, they become favorable. In this activity, we will explore how ATP is able to
drive these unfavorable reactions.

Figure 7.9. Slide 2 of the final task.

V

Consider the formation of glutamine from glutamate and ammonium.

(o] (o] o (o]
® = ) H,0
e o NH, S S
0 0 [} NH,
NHy

NH,

glutamate ammonium glutamine

For the purposes of this activity, we will represent this reaction as the cartoon below:

N - < — mmmq -

Glutamate Ammonium Glutamine

Figure 7.10. Slide 3 of the final task.
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This reaction is not favorable. That is, at equilibrium, there are many more reactants than
products.

N - 4 — g -

Glutamate Ammonium Glutamine

In an isolated solution, this reaction doesn't happen. However, under cellular conditions,
this reaction does happen. How can this be?

Figure 7.11. Slide 4 of the final task.

V

If we consult a textbook (or google) we will find that synthesizing glutamine from
glutamate is coupled to ATP. The reaction is often written like this:

" ATP ADP + P,

i \\_/ i
H,0
3 o NH, ~—— <) 2
0 (o) 0 NH,
8" Mo
glutamate glutamine

In this activity we will represent this as a :
cartoon (right). The question before us is DP  Phosphate

ATP Al
how does this work? How does ATP - + ‘ S
“drive” this unfavorable reaction? = ‘

Glutamine

Figure 7.12. Slide 5 of the final task.
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ADP Phosphate

ATPu
HE - 4 — mmd
?

Glutamate Ammonium Glutamine

How do you think ATP drives this reaction? Specifically, what sequence of events occurs
when ATP is added to the reactant system in order to produce glutamine?

B I UXx x

Previous Gof1d -

Figure 7.13. Slide 6 of the final task.

V

In fact... there are actually two subsequent reactions occurring. That is, the product made in
the first reaction is used as a reactant in the second reaction.

When we react glutamate with ATP, the following reaction occurs:

B - Geo — EEe -

Phosphorylated
Glutamate ATP Glutamate ADP

Then, the phosphorylated glutamate reacts with ammonium to form glutamine.

E ‘¢4 — mmd ' .

Phosphorylated
Glutamate Ammonium Glutamine Phosphate

Figure 7.14. Slide 7 of the final task.
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V

Below is the entire reaction sequence. Which entity acts as both a product and a reactant in
this sequence? Please explain how you know.

Phosphate

> 2

Phosphorylated

Glutamate ATP
Glutamate

Ammonium Glutamine

B I UXx x

Figure 7.15. Slide 8 of the final task.

V

What do you predict would happen to the amount of phosphorylated glutamate if the
cellular concentration of ATP is high? Please explain your reasoning (hint: think about

collisions) o @
ADP ) Pha;phzle
7 2
B oo — N+ f =
Glutamate ATP i e Ammonium Glutamine

Glutamate

B I UX x*

Figure 7.16. Slide 9 of the final task.
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If the amount of ATP is high, then more phosphorylated glutamate will be produced
(increasing its concentration). However, the cellular concentration of phosphorylated
glutamate does not build up. Why do you think this is?

Phosphate

e 32
B ¢ ©ece — e + ‘ =

Glutamate ATP Phosphorylated

Ammonium Glutamine
Glutamate

B I UX x*

Figure 7.17. Slide 10 of the final task.

V

Recall that the reaction between

glutamate and ammonium (right) - + ‘ <~ t o

is not favorable.

Glutamate Ammonium Glutamine

However, the reaction between -r + ‘ N
phosphorylated glutamate and R

ammonium (right) is favorable. Glutamate Ammorium

Glutamine Phosphate

. L O Glutamate
Which do you think is more

reactive? O Phosphorylated glutamate

O They are equally reactive

Please explain your reasoning.

B I UXx x

Figure 7.18. Slide 11 of the final task.
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Explain how each of the following conditions impacts the direction of this reaction sequence
(how do the amounts of other entities change as a result of these conditions):

@D &}

e -1

Phosphorylated
Ghutamate

Glutamine being used up for Formation of phosphorylated

other cellular processes: glutamate, a reactive
intermediate:

Ghutamate AP Ammania Glutamine

High cellular
concentration of ATP:

B I UXx, x* B I UXx X B I UXx x*

Figure 7.19. Slide 12 of the final task.

V

This all brings us back to the role of ATP. How was ATP used to "drive" the formation of
glutamine? It is not enough to just say that ATP provides energy. Be sure to explain how
ATP is involved in the formation of glutamine.

Explain here....

Figure 7.20. Slide 13 of the final task.
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APPENDIX B. STUDENTS’ INITIAL AND FINAL RESPONSES

Tables 7.5 and 7.6 represent how students’ responses changed (or didn’t change)
between their initial and final explanations. There are four possible “changes”: (1) non-
mechanistic resources = non-mechanistic resources, (2) non-mechanistic resources =
mechanistic resources, (3) mechanistic resources = non-mechanistic resources, or (4)
mechanistic resources = mechanistic resources. For example, looking at Table 7.5, we see 272
MB students’ initial responses relied on non-mechanistic resources, but their final responses
leveraged mechanistic resources. This result was the most frequent for students in both
courses.
Table 7.5. Two by two table showing how MB

students’ final responses changed (or not) from their
initial responses.

MB final
MB initial non-mechanistic |mechanistic
resources resources
non-mechanistic resources 144 272
mechanistic resources 56 204

’

Table 7.6. Two by two table showing how OC students
final responses changed (or not) from their initial

responses.
OC final
OC initial non-mechanistic |mechanistic
resources resources
non-mechanistic resources 48 112
mechanistic resources 11 49

208



Chapter VIII — Conclusions, Implications, And Future Directions
My dissertation research focused on mechanistic reasoning in the contexts of
undergraduate chemistry and biology courses. Through informed design of tasks,
characterization of students’ explanations, and analysis of instructor interviews, | have drawn
conclusions that provide implications for both research and instruction. Future work based on

these conclusions and implications is proposed in the final section of this chapter.
Conclusions

Causal Mechanistic Reasoning Is A Predictive Tool That Supports Equitable Assessment

In Chapters IV and V, we used a previously designed task about protein-ligand binding to
capture student engagement in causal mechanistic reasoning (CMR) across undergraduate
chemistry and biology courses. With an initial snapshot of students across courses, we found
that students engaged in CMR to varying extents (non-CM, partially CM, or fully CM). While
there were differences across courses, students who were co-enrolled in introductory
chemistry and biology did not change their explanations when situated in each course, which
surprised us given the context-dependent nature of resource activation.>? This suggests the
interdisciplinary nature of this task, one that can be used in a variety of courses to engage
students in this thinking strategy. In this study, we also found that engaging fully in CMR
strongly correlated with accurate predictions — that is, 97% of the time, students who
constructed a fully CM response also correctly chose the protein binding site to which Mg?*
would more likely bind, suggesting the predictive power of CMR.

In Chapter V, we coded and analyzed additional student responses to this task with the

goal of disaggregating the data according to demographic characteristics. Previous work has
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suggested that mechanistic reasoning (MR) assessment items, when used frequently on exams
and in coursework, result in more equitable outcomes for students.? To advance our knowledge
in the field, we calculated an ordinal regression model to determine whether cumulative GPA,
race/ethnicity, and/or binary gender identification were predictors for student engagement in
CMR for this task. We found that both GPA and race/ethnicity were significant predictors of
student engagement in CMR (p < 0.001 and p = 0.014, respectively) — that is, students with a
higher cumulative GPA have higher odds of being in a higher category, and compared to White
students, being Non-White decreases the odds of being in a higher category. However, the GPA
estimate (0.613) was twice as impactful as race/ethnicity (0.308), indicating it as a stronger
predictor of student engagement in CMR for this task. Binary gender identification was not a
significant predictor (p = 0.397). Thus, while GPA was the strongest predictor, race/ethnicity
also contributed to the model, meaning additional work should be done to support historically

marginalized students.

Instructors’ Explanations And Experiences Suggest The Need For A Shift In Teaching Practices
Regarding Adenosine Triphosphate (ATP)

In Chapter VI, we explored how instructors across chemistry and biology disciplines
explain and teach the mechanism by which ATP provides energy or drives unfavorable
processes. There is strong evidence for students’ non-canonical (or unproductive activation of)
ideas about the energy changes associated with bonds breaking or forming,**2 which may be
exacerbated by discussions in biology classrooms about the “high-energy bond” of ATP.11-16
While chemistry and physics education research has focused explicitly on the mechanism by

which ATP hydrolysis releases energy,™*3 this mechanism is irrelevant when considering
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coupled reactions, which proceed via a mechanism of phosphate transfer (that is, ATP does not
hydrolyze, rather it (often) transfers a phosphoryl group to raise the energy of a reactant). In
this study, we found that instructors leveraged one or both of these mechanisms (energy
release and/or energy transfer) to explain the role of ATP. Most intriguing, however, were the
negative experiences that Molecular Biology instructors shared related to their teaching
practices about ATP and mechanistic reasoning. These instructors shared vulnerable
experiences including lack of confidence and frustration, suggesting the need for a new, more

productive way of talking about ATP in these courses.

A Learning Task Supports Students’ Use Of Mechanistic Resources When Explaining The Role
Of ATP In A Complex Phenomenon
Using what we learned from interviews with instructors, as well as a desire to explore

important topics that could benefit from MR in undergraduate molecular biology (MB) courses,
we designed a scaffolded formative task to support students’ understanding of the mechanism
by which ATP drives the formation of glutamine from glutamate and ammonium. We
administered the task to both MB students and Organic Chemistry (OC) students, finding that
students in both courses used more mechanistic resources in their final explanations (end of
the task) than their initial explanations (beginning of the task). This finding supports the utility
of formative tasks in coursework, as they can serve as learning opportunities for students to
integrate their prior knowledge with new, mechanistic information about complex phenomena
such as this one. While many students successfully integrated prior knowledge about ATP as a
source of energy with its mechanistic role as a phosphorylating agent, not all responses

provided evidence of this idea. Some of the explanations included both ideas without
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coherently integrating them, thus suggesting the co-existence of conceptions regarding the role

of ATP.

Implications For Research And Practice

The evidence gathered from my studies has added to discipline-based education
research on mechanistic reasoning and interdisciplinary learning, primarily through formative
assessment tasks. The science education community values mechanistic reasoning (that is,
thinking about how/why phenomena occur!’~%) as an important practice, thereby warranting
the studies outlined in this dissertation. Using the major conclusions, | now provide implications

for both research and practice.

Designing And Implementing Tasks To Assess Student Engagement In Mechanistic Reasoning
This dissertation has contributed to previous work that highlighted the intricacies and
challenges of effective task design in undergraduate science education.?? In this work, we found
that to design a task that provides enough information for students to understand what is being
asked, but not so much that they can answer without thoughtful effort, is no trivial feat. The
protein-ligand binding task (PL task) took several iterations in order to effectively focus
students’ attention on relevant, mechanistic components, without giving away the answer.
Once the final task was designed, we used it to collect the evidence outlined in Chapter IV. This
evidence highlighted the interdisciplinary nature of the task, as well as the predictive power of
MR. That is, fully engaging in MR about protein-ligand binding led to more accurate predictions,
providing evidence for the utility of this thinking strategy. As noted, however, designing the
task to elicit this type of thinking was not trivial.?2 With full access to the activity, we hope that
instructors in chemistry and biology disciplines will use (or modify) it in their courses so as to
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provide the opportunity for students to leverage core ideas and think deeply about mechanisms
spanning the disciplines of chemistry and (molecular) biology. We also propose that additional
work be done to help students leverage productive resources. In this study, we found that a
handful of students unproductively used the idea of “space” to incorrectly predict which
protein the Mg?* would bind. This was an important finding, because we did not expect to
activate this resource — as instructors, it is critical that we pay close attention to the resources
students use in order to help them refine their knowledge frameworks and choose between,
potentially, competing resources.
Supporting Instructors To Incorporate Mechanistic Reasoning About ATP In Molecular Biology
Courses

While the PL task leveraged core ideas related to electrostatic and bonding interactions
(and structure-property relationships), my subsequent research investigated the core idea of
energy across chemistry and biology. Chapter VI highlighted the mechanisms that instructors
used and experiences they had when thinking about the role of ATP as an energy source, an
important biological phenomenon. With extensive literature documenting students’ non-
canonical ideas about the energy changes associated with bonds breaking and forming, as well
as the overlap of this idea with language surrounding the role of ATP as a source of energy, we
set out to understand how instructors think about the mechanism by why which ATP drives
unfavorable processes. We found that instructors explained the role of ATP by either discussing
how ATP hydrolysis releases energy, or how ATP transfers energy (via phosphorylation). We
also found that most instructors, but especially biology instructors, shared negative experiences

(i.e., dissatisfaction) regarding their current teaching practices about ATP. While the two
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mechanisms (energy release and energy transfer) are related, they are distinct and serve
different purposes. Based on our conversations with these faculty, we urge MB instructors to
think deeply about the mechanism(s) they want students to know. We believe the mechanism
of energy transfer is more appropriate for biological contexts, as this mechanism was leveraged
by all three biochemistry instructors and most of the biology instructors (indicating its
relevance to the discipline), and because energy is rarely (and negligibly) released in these
complex systems. Further, while it is simple to provide this suggestion, we recognize the
challenges that instructors face in deciding the level of appropriate explanatory depth. Thus, we
point instructors to the utility of explanatory black boxes, or unexplained mechanisms within
mechanisms.?® According to Haskel-Ittah, the explicit use of explanatory black boxes in
education helps to avoid the illusion of explanatory depth, or the sense that one understands
causally complex phenomena deeply when that may not be the case, while also preparing
students for future learning (i.e., helping them to identify what they don’t know).

Carefully Designed Tasks Can Serve As Learning Opportunities To Engage Students In MR

The rich discussions that emerged from our interviews with instructors led to the

development of the activity discussed in Chapter VII. This activity, which, like the PL task, was
designed via several iterations, aims to support students’ understanding of the mechanism by
which ATP drives (i.e., transfers energy to) the unfavorable formation of glutamine from
glutamate and ammonium. This task differs from the PL task in that it does not ask students to
make a prediction based on their prior knowledge; rather, it serves as a learning opportunity by
providing information to students while drawing on their prior knowledge about reactivity and

favorability. By collecting both initial and final explanations from students, we could assess
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whether this task supported student use of mechanistic resources when explaining the role of
ATP. After working through the task, both MB and Organic Chemistry (OC) students used more
mechanistic resources, most notably the idea of ATP as a phosphorylating agent. Therefore,
instructors and researchers can use carefully designed tasks to support students as they
integrate prior knowledge (in this case, ATP as a source of energy) with (potentially) new
information (ATP as a phosphorylating agent). However, we also found that not all students
coherently integrated these ideas. More work should attend to this either through in-class
discussions/activities (instructional implications) or via think-aloud interviews (research
implications) to identify (1) productive avenues for knowledge integration and/or (2) the ideas
that are more challenging for students and how best to support them in using and advancing

those ideas.

Using And Improving MR Tasks To Support Equitable Practices

Chapters IV, VI, and VIl were each driven by our efforts to incorporate MR into
undergraduate chemistry and biology contexts, since this thinking strategy has been shown to
be a productive and powerful tool; however, it is similarly important to learn whether these
tasks (or this thinking strategy) are equitable. In Chapter V, we found that both GPA (reflecting
prior academic achievement) and race/ethnicity significantly contribute, while gender does not
contribute, to a model predicting student engagement in CMR for the PL task. That is, students
with a higher GPA had higher odds of engaging fully in CMR; White students, compared to Non-
White students, had higher odds of engaging fully in CMR; and being male or female did not
impact engagement in CMR. While it is not surprising, nor concerning, that GPA is a strong

predictor of student engagement in CMR, the small, but significant, contribution of
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race/ethnicity as a predictor suggests that additional work should be done to support
historically marginalized students. However, this is simply one task, a task that does not
necessarily predict student course outcomes. Ralph et al. (2022) found that assessments which
more frequently emphasize MR when compared to those assessing rote calculations result in
more equitable outcomes (passing grades) for students.® MR tasks are important, because they
engage students in deep thinking about phenomena; however, they are one component of the
complex learning environment(s) in which students are situated. We urge instructors and
researchers to disaggregate data according to demographic characteristics when available to
learn whether assessments cater inequitably to different groups, as this will help future efforts

to best support all students as they learn and inquire about science.
Future Directions

My dissertation research has contributed to building an understanding of MR in
chemistry and biology undergraduate courses, highlighting challenges and gaps that future
work can investigate. While other reasoning strategies (e.g., systems thinking) are important
and relevant to include in undergraduate science courses, there is limited work on how to
incorporate MR in Molecular Biology courses — a discipline that strongly relies on predicting and
explaining mechanisms. Therefore, one area of future work should involve investigating how
current MB instructional practices leverage MR and how to develop additional practices (i.e.,
such as incorporating intentionally designed formative assessment tasks) that support students
and instructors to use this thinking strategy. This work should also leverage explanatory black

boxes,?® as cellular and molecular mechanisms are complex and often emerge as a result of

216



several mechanisms (for these reasons, systems thinking is also a highly relevant thinking
strategy in biological contexts).

Further, there are calls to support equity- and justice-oriented education efforts.?* Since
MR is a powerful thinking strategy, it would be worthwhile to learn if and how it contributes to
course culture or if tasks can be developed using both MR and equity lenses. As noted in the
introduction, engaging in MR, and developing it as a productive epistemic heuristic can serve as
a useful tool for all students’ lives. For example, thinking about how and why things happen can
support productive decision-making, as well as satisfaction and appreciation for curious minds.
Through both an equity and MR lens, future work should aim to support students and

instructors as they engage in meaningful science teaching and learning.
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