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Abstract

Structure and function is an essential crosscutting concept in undergraduate STEM education and appears in
numerous disciplines and contexts from the introductory to advanced levels. This concept is exemplified by enzyme
binding, a topic spanning biology, biochemistry, and chemistry. We interviewed 13 instructors with primary
instructional appointments in these fields, focusing on how they think about and also teach structure and function in
their courses. We focused on how they define the component terms, “structure” and “function,” their personal learning
development, and how they view the interactions among these three disciplines. Overall, we found that context and
terminology appear to be key factors in these conversations, as well as in the classroom. These instructors, in reflecting
on their own educational development, do not consider that they developed their understanding in an undergraduate
classroom. Instead, they focused on research experiences, graduate studies, postdoctoral work, or even, teaching
appointments as essential points for their own knowledge. These instructors held strong opinions about interactions
among the disciplines, both from the perspectives of cross-talk and what their students experience. These opinions
generally center on individual instructors’ opinions of other disciplines, apparent inclination to collaborate on teaching

across disciplinary lines, and general preconceptions of other fields. Overall, this work has implications on the path
forward for undergraduate teaching and learning of structure and function.
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Background

Structure and function is a key crosscutting concept in
STEM

The phrase “structure and function” represents a cross
-cutting concept in K-12 and undergraduate science
education (National Research Council 2012). Conceptu-
ally, this topic has applications across the STEM fields
and appears in the educational expectations of multiple
professional societies (Yoho et al. 2018).
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Found in the Framework for K-12 Science Education as
one of the seven crosscutting concepts, structure and
function is described as “the way in which an object or
living thing is shaped and its substructure determine
many of its properties and functions” (National Research
Council 2012, p.84). Within the life sciences, structure
and function is listed as one of the five main core con-
cepts for promoting biological literacy in Vision and
Change (AAAS 2011). This is supported with the idea
that “basic units of structure define the function of all
living things” (AAAS 2011). Beyond the apparent univer-
sality of the educational expectations in the STEM fields,
this concept is found in other fields of study (for ex-
ample, architecture and design; Loran 1947; Mumford
1989; Yoho et al. in press) and popular articles about
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topics as widespread as business practices (Gasca 2019)
and fashion and culture (Vogue 2019). As such, these
ideas and component terms are not found in just STEM
disciplines but also in everyday life for students at all
stages and walks of life.

Instructor expectations of students related to structure
and function

Additionally, this key concept is of the utmost importance
in the educational development of students along the
pathway from novice to expert in biology and biochemis-
try (ASBMB 2017; Tansey et al. 2013; Voet et al. 2003).
College science faculty find the five core concepts outlined
in Vision and Change to be equal to or more important
than previous departmental learning goals, with 97% con-
sidering structure/function to be important for a graduat-
ing biology major to know (Brownell et al. 2014).

Recent educational trends indicate that introductory
courses in the biological sciences emphasize molecular
biology (including metabolism, biochemistry concepts,
and genetics, among others) as opposed to organismal
-level or larger scales (including ecology, plants, animal
classification; Cheesman et al. 2007). Biochemistry courses
are more prevalent, including requirements and electives
across an increasing number of departments (Cheesman
et al. 2007). Importantly, the principles of biochemistry
are fundamental in other courses as departments
emphasize molecular-level life sciences education. Likely,
this emphasis reflects the needs of life sciences depart-
ments to prepare students for the advanced courses in
their fields, many of which are highly focused on molecu-
lar biology concepts (Cheesman et al. 2007). Although
present throughout the biological sciences, structure
-function relationships are especially common in molecu-
lar-level education.

Obstacles to student learning

While common across the STEM disciplines, structure and
function relationships present a number of instructional
challenges, as the topic is present in several disciplines,
may be described by varying names (Yoho et al. 2018), and
the idea is broadly used in society. Importantly, students
often have difficulties applying their understanding devel-
oped in a prerequisite course to new contexts in upper
-level courses (Loertscher et al. 2014), similar to many
topics taught in the scientific and STEM disciplines. The
traditional disciplinary divisions in STEM (for example,
biology and chemistry) may provide an additional con-
founding factor for students to apply threshold concepts
identified for biochemistry (Loertscher et al. 2014). While
present at multiple scales, students have the greatest diffi-
culty applying the concepts of a structure and function re-
lationship at the molecular level, as visualization proves a
challenge (Forbes-Lorman et al. 2016), perhaps due to how
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complex the representation may be or how it was designed
(Linenberger and Holme 2014).

Overall, students have a difficult time making connec-
tions between concepts they learned in other science dis-
ciplines and those related to biochemistry; memorization
does not suffice to master the concepts (Loertscher et al.
2014). In particular, structure-function relationships
exemplify these crosscutting concepts, where the ideas are
presented in multiple disciplines, but students may have
difficulties making connections among them. Expert
understanding often includes “the ability to see principles
in problem situations, whether these are represented as
equations, graphs, animations, or real-world problems”
(Kozma and Russell 1997). Novice students often have a
difficult time sifting through course content in order to
determine what information represents a key learning
concept (Jenkinson and McGill 2012). Additional specifi-
city from the instructional team is likely to help with clari-
tying “both the level of detail and depth of the concepts
and processes” expected of the students (Tibell and
Rundgren 2010). In biochemistry specifically, students
must apply knowledge gained in previous courses, like
introductory biology and general chemistry, to new situa-
tions (Villafane et al. 2011). While the emphasis has
shifted in instructional aims to be more at the molecular
-level starting with the early courses in biology, as opposed
to organismal or ecology-related topics, (Cheesman et al.
2007), a notable challenge is that these biochemistry topics
are interdisciplinary (Villafaiie et al. 2011). Even when stu-
dents understand concepts in earlier courses, student in-
terviews indicate that they may struggle to apply that
understanding to later situations, indicating that discipline
-specific education may be an additional student learning
challenge (Loertscher et al. 2014). Overall, the nature of
the topic of structure and function itself, the interdiscip-
linary content, and the reliance on previously understood
concepts from discipline-specific introductory courses all
provide major potential learning obstacles for students.

Enzyme binding as the context for discussing structure
and function

Enzymes and enzyme binding are a well-known example
of a structure and function relationship at the molecular
level. These phenomena commonly are found in biochem-
istry education, as well as biology and chemistry courses,
especially at the introductory level. Biochemistry, typically
an upper-division course, requires the application of con-
cepts learned previously in introductory level biology and
chemistry studies (Villafane et al. 2011). As a biochemistry
course is a requirement or elective in most science depart-
ments (Cheesman et al. 2007), the foundational knowledge
from introductory courses is of particular importance.
Structure and function is a key learning concept across
multiple scales within the STEM disciplines (for example,
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in anatomy and physiology or ecology). In this case how-
ever, we use enzyme binding as the connecting context
-based discussion, as molecular-level concepts have gained
increasing popularity in teaching and learning, as com-
pared to these other scales (Cheesman et al. 2007).

Whether it is an introductory biology, chemistry, or bio-
chemistry course, enzymes are only one of a large number
of concepts that are typically addressed in introductory
level survey courses. Balancing the educational expecta-
tions of reform calls (such as Vision and Change, AAAS
2011), departmental needs, peer instructors, and course
timing becomes a challenge for instructors as the informa-
tion in the life sciences continues to expand at an over-
whelming rate (Jenkinson and McGill 2012). This vast
expansion in knowledge has led to introductory level
courses providing a mile wide and inch deep overview to
students, while more recent calls-to-action have focused
on limiting course content (for example, Merkel and ASM
Task Force on Curriculum Guidelines for Undergraduate
Microbiology 2012; Cheesman et al. 2007, Gregory et al.
2011) or providing necessary specificity (Tibell and
Rundgren 2010) so that students may develop the ability
to apply their knowledge across a broad range of contexts.

Today, most biochemistry textbooks present enzymatic
reactions by attempting to bridge the concepts of thermo-
dynamics and mechanistic aspects of how enzymes func-
tion (Aledo et al. 2003). Integrating these two different
perspectives may represent another challenge for instruc-
tors and students. Understanding structure and function
relationships in this context may also include the need to
visualize three-dimensional structures and relationships
(Forbes-Lorman et al. 2016; Jenkinson and McGill 2012;
Kozma and Russell 1997; Tibell and Rundgren 2010), as
well as understand thermodynamics and molecular bind-
ing (Aledo et al. 2003; Ntinez de Castro and Alonso 1997),
creating additional learning obstacles.

From a historical perspective, the framing of teaching
enzymes, and biochemistry overall, has been about “fit-
ting,” either how the topics fit the interests of students or
the fit of the substrate in the active site of the enzyme
(Maier 1986). Overall, biochemistry is often described
using a jigsaw puzzle as a metaphor of how things “fit,”
with scientists playing the role of solving the puzzle
(Maier 1986). This sense of fitting may be extended to
structure and function relationships. Lock-and-key is a
historic, important representation of enzyme structure
and function still used in many classrooms and textbooks.
This simple representation of the complex mechanism of
enzyme binding allows students to begin to understand
how these molecules bind with one another in order to fa-
cilitate reactions. However, this may lead to misunder-
standings of analogies or confusion between lock-and-key
as an analogy and a need for specificity (Schonborn and
Anderson 2009, used in the similar context of antigen
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-antibody binding). Born out of the lock-and-key analogy,
induced fit brings together the complementarity of en-
zymes and their substrates, but adds flexibility for the en-
zyme and can be “likened to a hand in a glove” (Koshland
1995). Overall, considering protein function from the per-
spective of a specific three-dimensional structure has been
the norm for over 100years (Dunker and Obradovic
2001). As such, “induced fit” and analogies such as “lock-
and-key” and “hand in a glove” have a strong historical
background in teaching and learning of structure and
function related to enzymes and enzyme binding. In this
work, we do not seek to analyze the impact of these im-
portant and easily recognized topics in teaching and learn-
ing, but rather document their use and discussion from
these instructors’ perspectives.

Other terms related to the concept known as “structure
and function”

Several other topics sounding similar to, and likely repre-
senting a similar or identical concept, are found across mul-
tiple disciplines and educational reform documents. For
example, “form and function” appears in the 1990s and
early 2000s as “form and function are complementary as-
pects of objects, organisms, and systems in the natural and
designed world... understanding of form and function ap-
plies to different levels of organization” (National Research
Council 1996, 2012; College Board 2009). This particular
discussion (found in the Framework, National Research
Council 2012) touches on a number of key topics related to
structure and function, for example organizations, organ-
isms, systems, and scale, as well as bridging disciplines
through the discussion of the natural and designed worlds.
In the explanation of the crosscutting concept provided by
the Framework, several key components are touched on, in-
cluding both properties and functions of living and nonliv-
ing systems (National Research Council 2012).

In chemistry, we often may encounter phrasing such as
“structure property” or “structure-property-function”
(for example, Kohn et al. 2018). Additionally, these con-
cepts are often linked with the idea of emergent properties
(Cooper et al. 2012a, b; Kohn et al. 2018; Lira and Gardner
2017; Meijer et al. 2013; Meredith et al. 2006; Yoho et al.
2018). However, this can also add complexity through in-
teractions at multiple levels of organization (for example,
scale) (Lira and Gardner 2017; Yoho et al. in press). Due
to numerous complexities including organization and ter-
minology, knowledge integration may be a challenge for
students across scales and disciplines (Yoho et al. 2018;
Yoho et al. in press). For example, students may face diffi-
culties in applying these concepts from previous courses
(Loertscher et al. 2014) or across disciplines (Villafane
et al. 2011), we see that even the name of the topic itself
may provide another potential learning barrier, as it can
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change course-to-course from the student’s perspective
(Yoho 2018).

In this paper, we do not attempt to analyze any deeper
contextual meanings or distinctions between properties and
functions. As such, we consider “properties” and “func-
tions” to be essentially synonymous in the context of the
enzyme binding-based conversations about structure and
function. Importantly, this similarity is highlighted as con-
text-dependent. In this case, the context is enzyme binding
to facilitate conversation and connect to the interdisciplin-
ary concept (not a discipline-based naming) of “structure
and function.” As we speak with instructors from multiple
disciplinary backgrounds (biology, biochemistry, and chem-
istry), we consider this conceptual understanding to be both
an important distinction and a key topic in the discussion
of structure and function. A full analysis of the terminology
and implications would be outside of the scope of this
work. However, we refer readers to other literature (for ex-
ample, Yoho et al. in press) in order to consider the mean-
ings of the terms more completely. As such, we (as
authors) seek to be explicit about any of our potential
biases discussing this crosscutting concept from a “struc-
ture and function” background (as defined by AAAS’s Vi-
sion and Change) and through our lived experiences as
scientists and science education researchers from primarily
biology education backgrounds. We provide additional de-
tails and context in Data collection section.

Current study: structure and function teaching and learning
interviews with instructors from large research universities
To gain greater insight into how undergraduate instruc-
tors in biology, biochemistry, and chemistry understand
and approach this crosscutting concept, we interviewed
faculty with teaching experience in introductory biology,
introductory chemistry, and/or upper-level biochemistry.
Our main interests centered on the instructors’ under-
standing of the concept of structure and function. Im-
portantly, this was not an assessment of “correct”
understanding, but an attempt to grasp the contextualized
and nuanced understandings that inform teaching across
the three disciplines. As such, we focused on instructors’
contextualized definitions of structure and function, their
perceptions of their own development of conceptual un-
derstanding, and how they see their discipline in relation
to the other disciplines. We sought to answer three pri-
mary research questions through these interviews with in-
structors from large research universities.

Research questions

1. As the principal components of the crosscutting
concept, “structure and function,” how do
instructors define the key terms, “structure” and
“function?”

(2019) 1:16 Page 4 of 17

2. What are the formative experiences instructors
describe in their personal understanding of the
“structure and function” concept?

3. How do instructors view the relationships among
the biology, biochemistry, and chemistry disciplines
in terms of the concept of structure and function
(including as contextualized through the example of
enzyme binding)?

Methods

Instructor recruitment

Interviews were solicited from instructors with teaching
experience in introductory biology, chemistry, and/or an
upper-level biochemistry course at Carnegie classified
“doctoral universities: highest research activity” (The Car-
negie Classification of Institutions of Higher Education
n.d.). All instructors had teaching experience at this type
of institution, however, individual instructors may have
had other teaching experiences at other types of Carnegie
classified institutions in their professional experience. In-
structors from the professional networks and contacts of
the authors of this study were recruited through in-person
conversations or by email. The participants in this IRB-ap-
proved study (approval #x 10-577) were provided with
participation information in advance of the approximately
30-minute conversation. We sought to interview several
instructors from each of the three disciplines, however, we
defined a minimum number of three per discipline (in
each biology, chemistry, and biochemistry). For this study,
the “biology” participant category had many interested
participants, and as such, has the largest number. When
the minimum number per discipline had been met for
chemistry (with the fewest overall participants) during the
time period set aside for data collection, solicitations for
interviews were discontinued. While the numbers of in-
structors for each of the three disciplines included in this
study are not equal, they are representative of the
participants who volunteered their time, participated, and
with the quantity also meeting the minimum threshold
quantity set for the discipline by the research team.

Data collection

The interviews were all conducted using video conferen-
cing software (Zoom Video Communications, Inc., San
Jose, California) and interviewees were not compensated
for their time or participation in this study. Interviews were
collected from March through July of 2017. The interviews
were recorded using the Zoom software and later tran-
scribed by the first author. Analysis included only the tran-
scription, and was limited to the audio, thereby excluding
gestures and other non-verbal communication methods.
Audible cues (for example, laughter) and “filler” words were
transcribed in order to attempt to align with best practices
in qualitative data collection and analysis (McLellan et al.
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2003). Additional information is provided in the supporting
documentation, including the instructor pseudonyms, dis-
cipline, and region, the outline followed for the interviews,
a description of the emergent coding process, and the con-
sensus codebook, as well as Additional file 1 in Tables S3
through S5.

Participant and institutional characteristics

Of the 13 interviews conducted for this work, six instruc-
tors spoke from experience with teaching introductory biol-
ogy, one of whom has a background in biochemistry and
teaching experience in both introductory biology and bio-
chemistry. Four instructors drew upon their experience
teaching an upper-level biochemistry course. Three instruc-
tors spoke from their background teaching introductory
chemistry. The biology instructors primarily have teaching
responsibilities in first year introductory biology, especially
cell and molecular biology courses, designed for students
pursuing many different academic majors. The instructor
with a background in biochemistry research and teaching,
as well as teaching introductory biology, was asked to speak
from the perspective of the introductory biology course pri-
marily, while likely also drawing upon their personal experi-
ences with biochemistry research and teaching. The four
biochemistry instructors reported teaching responsibilities
for upper-division courses for students in biochemistry or
other majors. All instructors had teaching backgrounds at
“doctoral universities: highest research activity” according
to the Carnegie classification system (The Carnegie Classifi-
cation of Institutions of Higher Education, n.d.). All instruc-
tors but one (community college) held current teaching
appointments at doctoral universities in the Carnegie classi-
fication system (The Carnegie Classification of Institutions
of Higher Education, n.d.).

In this interview, we did not ask participants to iden-
tify their gender or other identifying characteristics for
the purposes of the study (and thus do not report these).
Table S1 includes the demographic information relevant
to the study, including the pseudonym assigned, primary
teaching area or context from which they responded to
the interview questions, and region of the United States
in which their Carnegie Classified “doctoral institution:
highest research activity” is located (The Carnegie Clas-
sification of Institutions of Higher Education, n.d.).

While we did not request and do not list specific titles
or years of experience for the individual instructors, they
represent a range. As the participants were recruited
from the previously existing professional networks of the
authors of the study, many may be familiar with science
education research and/or discipline-based education re-
search. We do not imply here that the opposite would
not be the case, that individuals outside of this profes-
sional network would not have familiarity with education
research. Many instructional faculty or faculty with
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research areas related to teaching and learning are famil-
iar with evidence-based practices or the scholarship of
teaching and learning. For example, this is evidenced
further by the widespread prevalence of centers for
teaching and learning at universities and the types of
programs and professional development experiences that
are available to faculty, especially those focused on in-
struction, at many institutions. Overall, we consider the
instructors participating in this study to be a general
representation of instructors within the defined parame-
ters (doctoral institutions and with experience teaching
in these fields) to ask the research questions, analyze
their discussion, and raise questions for future research.
As with any study, larger numbers or multiple institu-
tions types could be beneficial to provide additional in-
formation or support other research questions. For the
purposes of this work, we consider the study participants
to be an approximation of a representative snapshot of
instructors while having an appropriate quantity to allow
detailed analyses of the interviews.

Data analysis

The approximately 30 to 40-minute interviews were con-
ducted, transcribed, and proofread by the first author of this
study. The interview transcripts were de-identified during
the transcription process and subsequently analyzed using
QDA Miner software (Provalis Research, Montreal,
Canada). The semi-structured interview protocol (see the
Supporting Information for more information) was flexible
to create a unique conversation with each interviewee.

An emergent coding process, based on a deductive con-
tent analysis (Moretti et al. 2011) and previously applied
for crosscutting concepts in STEM education (Yoho and
Rittmann 2018) was used to analyze the interviews. This
qualitative content analysis method (Cho and Lee 2014)
helped us to identify the themes emergent from the tran-
scribed conversations. We found this emergent process to
be particularly important, being applied to an interdiscip-
linary concept (for example, following that done by Yoho
and Rittmann 2018), as well as the inclination to iteratively
review and analyze themes between the two coders and the
emergent themes with the coders’ research group. Two
coders independently used an emergent coding process to
identify themes from the first three (chronological) inter-
views. One of the two coders was also the interviewer and
transcriptionist. This coder has a PhD in an interdisciplin-
ary biology field, with extensive training in the biological
sciences, biological engineering, and chemistry subdisci-
plines, as well as formal training in science education and
discipline-based education research. As such, this coder’s
terminology is “structure and function” from a background
primarily in the biological sciences with extensive interdis-
ciplinary training. In conducting the interviews, this was
acknowledged and understood, as well as the potential
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influence of interviewees using other terminology. In the
interviews, the interviewer would acknowledge the termin-
ology and also adapt to the specific terminology used for
the crosscutting concept by the interviewee.

The second coder was familiar with the aims of the
project, the question structure for the interviews, and
had discussed the interview process, but had not previ-
ously seen the interviews or transcripts. At the time, this
coder was a senior-level undergraduate researcher with a
background in biology and biochemistry, as well as sev-
eral years of experience working in a science education
research group. The two coders compared the emergent
codes to create a consensus codebook used for all inter-
views in this study. Table S2 shows the results of the
emergent coding process for the two coders. The rows
indicate alignment between codes developed independ-
ently and highlighting on the table groups multiple re-
lated codes that were later collapsed in a consensus
codebook and applied to all interviews.

In this study, all participants were assigned pseudonyms
for the purposes of data analysis and presentation of results.
Due to an established historical bias in gendered pronouns
(Moulton et al. 1978), we refrained from using “he” for all
participants or designating the participants “he” or “she.”
As such, we selected gender-neutral pseudonyms to use
based on the first author’s language and cultural back-
ground. We acknowledge a potential for the inadvertent re-
moval of richness in the dataset by changing names and
using gender-neutral pseudonyms (Clark 2006). In this
work, we seek to be aware of potential biases, inclusive of
identities, and have identified this as our path forward. As
such, in this work we use the gender neutral “they” as a sin-
gular pronoun. Prior research indicates that the use of
“they” can be considered a cognitive equivalent when work-
ing to make language more gender inclusive (Foertsch and
Gernsbacher 1997). All uses of “they” in this paper are indi-
cative of a singular pronoun, with the exception of explicit
and context-cued uses of they in the plural (for example, “a
majority of instructors... they...”). Importantly, the research
questions and data analysis are not based upon the gender
identity of the instructors. We did not seek to ask or answer
questions like, “what do female-identifying biology instruc-
tors...?” As such, gender identity, while playing a strong
role in the overall lived experience of the instructor, includ-
ing in teaching (El-Alayli et al. 2018), or other demographic
identities, do not appear in the results and discussion. As
such, we limit our discussion to be discipline-specific for in-
dividuals with experience teaching at research-intensive
institutions.

Interrater reliability

After the determination of the consensus codebook, the
two coders independently applied these codes to the
same three interviews to compare coding styles and
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alignment of codes. The results were discussed and
changes to the code definitions and coding process were
made, as necessary. After the addition of interviews from
chemistry instructors, three additional codes mirroring
existing codes were added to the consensus codebook:
(1) interactions with biology, (2) student knowledge of
biology, and (3) other interactions with biology. These
codes flipped the perspective of the existing codes for
the interactions with chemistry. The thirteen interviews
conducted and presented in this study were analyzed
with this finalized consensus codebook. The remaining
ten interviews were analyzed by one coder, then the
other, with previous codes visible. Any fundamental dis-
agreements or discrepancies were discussed prior to the
finalization of the coded interview set. Additional infor-
mation about the coding and interview analysis can be
found in the Supporting Information.

Results

Research findings

Based on our semi-structured interviews, we address our
research questions and report on the instructors’ under-
standing of structure and function from the perspectives of
the component terms, their personal experiences, and their
observations of the interactions among disciplines. As
structure and function is approached as a crosscutting con-
cept (cutting across multiple disciplines), we use discipline
as the primary stratification of the results and discussion.
As is expected for any field of study, these disciplines hold
their own norms and practices and here we explore the
research questions from the instructors’ perspectives as
situated in their training and practice.

Defining the component terms, “structure” and “function”
As a key research goal in this study, instructors’ under-
standing of structure and function relationships were
assessed, not for the perception of “right or wrong,” but
to gain a foundational understanding of the development
and teaching of this key crosscutting concept. We asked
instructors to define “structure” and “function” as separ-
ate terms. Intentionally, they were not given specific
constraints for their discussions of definitions, but en-
zyme binding was a potential contextual example in the
conversation. This led to a myriad of response types and
rich examples. We present the main themes arising from
the conversations in our discussion here. This richness
of conversation is best exemplified by Taylor’s (biochem-
istry) response to the prompt, “Oh, that’s an interesting
[sic], there’s a lot of ways I could go with that.” As Tay-
lor's comment indicates, the discussions varied widely
based on the instructor’s individual experiences and per-
spectives. As such, the conversations included examples,
analogies, context-based definitions (both course- and
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scale-specific), and candid reflections on students’ un-
derstanding of the terms.

“Structure” and “function” in biology
In general, the biology instructors built upon context
-based examples or specific discussion points used in the
classroom. Jamie, a less experienced introductory biology
instructor, used the example of understanding the import-
ance of “a mutation in the amino acid sequence, that’s go-
ing to influence the structure of it, and then, from there,
influences the function.” For enzymes, Jamie feels that the
students can see the “direct influence of function” in that
if the structure of the enzyme is not correct, bonding to
substrate cannot happen. When the interviewer re-stated
that they interpreted Jamie’s statements as mostly struc-
ture-focused, Jamie elaborated on the apparent lack of
emphasis on function in their classes. Jamie described
how “we really don’t spend too much on talking about
that an enzyme is a catalyst and everything. We talk a little
bit about the function of it as far as like when we talked
about like cell signaling.” Contrastingly, Addison pre-
sented their definition of structure and function with a
caveat: “very often structure-function is at the molecular
level” since they were discussing a cellular and molecular
biology-focused course. Addison framed their definition in
a physical scale, starting from a larger scale to smaller
scale when describing an “enzyme, which is a molecule,
what is its structure, what is its function,” with follow-up
references to weak interactions and energetics. Kelsey
built a discussion from the three dimensional shape to the
energetics and key mechanisms of an enzyme.
Additionally, Jesse and Morgan provided specific, con-
text-based examples of how they illustrate the concept
for their students. Jesse sought to “give them examples
of how there can be things that are more or less the
same but you have to also appreciate that they can have
subtle differences which give them different properties”
and provided examples of how different types of staplers
(the office supply) illustrate the concept. Interestingly,
Jesse, an introductory biology instructor, used termin-
ology that is often found common to chemistry instruc-
tors in this study, describing “properties.” Jesse also
described “slightly different uses and properties” and
“some additional mechanism.” Morgan acknowledged
the inherent limitations of their teaching strategy with “I
show an example, but I don’t make the students do any-
thing and and I don’t think it’s very effective.” Morgan
had described a binding pocket and how functional
groups catalyze covalent linkages. Further dialogue from
Morgan and Jesse can be found in Table S3. Overall, the
biology instructors described cellular- and molecular-
level contexts for their classroom discussions, including
for example, Kelsey describing the energetics of ATP
and Addison mentioning the importance of the
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molecular level for structure and function. As we see in
Table S3, these instructors responded and provided spe-
cific examples of abstractions of the concept describing
the importance of particular scales they emphasize or
examples of their preferred instructional techniques.

“Structure” and “function” in biochemistry

Overall, the biochemistry instructors provided more spe-
cific and precise definitions for “structure,” which may re-
flect the accepted working definitions of their field. For
example, Taylor, when prompted, mentioned the many
possibilities for directions in that conversation. However,
Taylor provided a specific definition with how “in protein
science, um, structure is actually defined quite precisely.
There are four levels: primary, secondary, tertiary, and
quaternary. And we walk them [students] through those.”
Taylor also described each level succinctly before discuss-
ing additional examples provided to students in the class-
room. Other biochemistry instructor definitions were
based on the interview context of enzymes and enzyme
binding. For example, Sidney provided a specific definition
of “I guess structure is the three-dimensional orientation
of the molecule in its environment.” They elaborated on
the definition of including this in an aqueous environ-
ment, with the exception of membrane-bound proteins.
Sidney integrated the concepts of enthalpy and entropy as
the factors “that determine that three-dimensional struc-
ture.” From there, Sidney’s description of the definition
continued to include how “structure uh dictates or you
know says a lot about the function” with the contexts of
folding, active sites, and allosteric sites.

Also speaking about a protein folding structure, Sam
mentioned that when they’re talking about structure, this
means “anything from the primary sequence to how that’s
going to affect protein folding.” Similar to Sidney, Sam in-
tegrated the teaching orientation being “from more of a
thermodynamics perspective.” Sam linked the discussion
of structure with that of function through the protein ex-
ample, describing the thermodynamic influences on the
shape of the protein, the amino acid locations, mutation
affects. The conversation here about mutation effects on
the protein continued with Sam describing “where the
mutation is in the protein and how that’s gonna affect or
not what the protein does.” This discussion point linked
specifically with the discussion of function, as they showed
how “we talk about function both at the protein level, for
example, substrate binding, um, uh substrate affinity, um
and then at the cellular organism level.”

Hayden’s (biochemistry) conversation focused mainly
on the importance of visualization to help students
understand structure and function. However, their con-
versation also brought out another important point.
They stated that “..I say structure-function all the time
in the class. And I, I think that it’'s become one of the
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things that the students could say it and not know what
it means because I say it so much.” However, Hayden
also pointed out the connections with other related
topics, for example, “we spend a lot of time talking about
regulation, which inadvertently is teaching them about
structure-function, only I don’t say it’s structure-func-
tion...” Overall, the biochemistry instructors provided a
number of important contexts, based on the example of
enzyme binding as a structure and function relationship
in the interview. However, this group also made a num-
ber of connections with thermodynamics, enthalpy, en-
tropy, and other related structure and function teaching
topics.

“Structure” and “function” in chemistry

As the chemistry instructors tended to use “properties,”
in place of “function,” we asked them to define “struc-
ture” and “properties.” While these terms are not the ex-
clusive domain of chemists, the terms may have certain
discipline-specific connotations, and as such, we con-
sider them to be similar representations of the crosscut-
ting concept (as indicated by prior work, Yoho et al.
2018). In conversation, Charlie used their instructional
progression in the classroom for their definition, starting
with “structure is how the atoms are connected to each
other.” This created a segue to building into understand-
ing shapes, distribution of charge, and electronegativity.
Following the progression of learning goals, Charlie pro-
vided a second definition as “so structure ultimately is
how the atoms are arranged and how that impacts how
the electrons, the electrons are distributed over the mol-
ecule.” Alex described a similar progression of concepts
taught to the students, where “right at the very begin-
ning talking about how the structure of um atomic or
molecular- at the atomic or molecular level- pre-, um,
defines, predicts how that substance will behave at the
macroscopic level.” However, Alex thinks that the un-
derstanding of these concepts involves “a long sequence”
of ideas, skills, and understanding that students do not
actively integrate those concepts. Alex considers that the
students learn these other ideas and skills, like drawing
structures, predicting three-dimensional structures, po-
larity, and intermolecular forces, separately as discrete
concepts. However, early in the conversation Alex also
mentioned how “structure-property relationships are um
you know, a core idea within the course.”

On the other hand, according to Charlie, “the properties
side of things really ties into what I would call observ-
ables” and these observables are measurable. In general
chemistry, examples of these observables would be states
of matter, boiling points, melting points, solubility, and re-
activity. More closely aligning with the descriptions from
the biologists and chemists, Alex defines properties in a
more abstract manner, where “the properties of something
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can originate from its structure.” Additionally, Alex de-
scribed the importance of connecting ideas for students:

...from my point of view, the problem [of] having
students understand how the properties of something
can originate from its structure, it just requires such a
long sequence of events that tends to get truncated,
um and therefore even though a student can do all
the little bits along the way that make it, um, make it
seem like they are following right along...

Similar to how Hayden (biochemistry) connected with
how often “structure-function” is said in class, Alex also
emphasized the importance of connecting what may be
perceived by students as disparate concepts.

As a follow-up, we asked Alex more about the definitions
and the differences between a biology definition and a
chemistry definition of structure and function. For example,
we mentioned how the structure seems to be similarly de-
fined for the two disciplines, but the function for a biologist
might be considered the role or job. Alex’s response
focused on predicting properties. While we report on the
perceived relationships among disciplines in a later section
of this work, Alex focused on defining the terminology by
discipline. For example, a chemist “can predict the kinds of
chemical and physical, chemical reactivity it’s going to have,
properties it’s going to have, and you can also predict uh its
physical behaviors.” The main comparison between the two
fields for Alex is the “grain size” of interest. Alex believes
that biologists “are talking about structure-function when
they're talking about the function of the enzyme. The func-
tion of the enzyme is to catalyze a reaction by binding with
a substrate and weakening the bonds and making, putting
it in the correct orientation and so on and so forth.” The
difference seen here essentially appears to be the scale of
interest, or as Alex describes, the “grain size.” While Alex
acknowledges that both fields are interested in the “proper-
ties of the enzyme-substrate binding site,” the difference is
primarily in the scale.

While London (introductory chemistry) did not provide
many exacting definitions, they did provide some
contextualization of structure and function by comparing
the scales of interest and the time dimensions. For ex-
ample, London discussed “one of the ways that you can
think about that is components, which I think is very
popular in biology, um but I think the way that chemists
think about it more is at um at a levels of organization of
structure.” At one point in the conversation, London dis-
cussed “fuzzy boundaries” and how might a person define
a tissue, an organ, or other “sorts of layers.” Additionally,
London defined how the “major time dimension is associ-
ated with evolution and adaptation,” while the “major time
dimension [in chemistry] is associated with kinetics. And
and um progress toward equilibrium.” London uses the
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phrases, lock-and-key and induced fit, in the classroom.
London has students compare the two mechanisms of
lock-and-key and induced fit. London teaches these from
a kinetics perspective and finds that the “real difficulty
they have is, is the mathematics thinking with that.” Of
the 13 total instructors interviewed, this instructor was
the only one to discuss the presentation of both lock-and-
key and induced fit mechanisms for their students. The
interviewer explicitly avoided the use of these terms before
the instructor mentioned them, in order to investigate
which were discussed unprompted. Overall, the discussion
with the chemistry instructors focused on the develop-
ment of understanding (from a student perspective), the
scale of interest, and the the origination of properties (or
“function”) from the structure of the item of interest.

Instructor development of their current understanding of

“structure and function”

We asked the instructors to self-identify when and how
they believe they developed their own understanding of
the concept of “structure and function,” which now in-
forms their teaching. While we do not attempt to provide
a learning pathway for the concept, our interpretations of
how these experts define structure and function, as well as
when they believe they began to understand the concept,
can provide insight about the expectations placed on
undergraduate students today. As we, and numerous edu-
cational standards also, consider structure and function to
be a key learning point and a threshold concept (as defined
by Meyer and Land 2006), we consider it especially im-
portant to understand the perspective of the instructor on
their learning development. As threshold concepts are
based on the fundamental idea that the learning gain once
attained is irreversible, experts may not remember their
perspectives from early in the process (Meyer and Land
2006; Loertscher et al. 2014). Therefore, it is important to
investigate instructors’ expert perspectives as a key aspect
to the overall study of teaching and learning of structure
and function.

In conversation, several instructors provided very diplo-
matic, and perhaps also accurate, responses that indicated
that they are developing their understanding continually,
while others were more blunt in their responses. While
continual development of understanding is likely to be a
reality of academic research and endeavors, it may be also
an artifact of a number of other factors including conscious
competence in the mastery process (Ambrose et al. 2010,
p.97) or imposter syndrome (Brems et al. 1994; Hutchins
and Rainbolt 2017; Nedegaard 2016). The instructor re-
sponses not reflecting the likely diplomatic reply indicated
opinions that were occasionally concealed in self-deprecat-
ing humor, where they made a joke about their own learn-
ing experiences. Our analysis of their self-reflection focuses
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on a discussion of experiences, undergraduate research, and
teaching.

The key observation from our conversations is that none
of the instructors interviewed from any discipline (biology,
biochemistry, or chemistry) believed they developed their
understanding in their undergraduate classroom. If an in-
structor did mention something about their undergraduate
experience, it was as a diminutive. Examples include, “prob-
ably to a pretty limited extent” (Sidney, biochemistry) or “to
some extent undergraduate research” (Taylor, biochemis-
try). Similarly, Hayden (biochemistry) “got really close”
while working in a research lab as an undergraduate, but
identified graduate school as the point where they devel-
oped expert understanding. Similarly, Jamie (introductory
biology) was very blunt about their educational journey:
“Well, I feel that just about with every concept, I knew
nothing when I was an undergrad [laughter], like I had
every misconception [laughter] in the book.” Similar to
others, Jamie pointed out that their understanding devel-
oped later. In Jamie’s case, during a research-based post-
doctoral position.

Instructors who associated positive learning gains for
the concept of structure and function as an undergradu-
ate (beyond “pretty limited,” for example) included some
discussion of the effect of undergraduate research. How-
ever, research is not the only learning experience identi-
fied by this group of instructors. Hayden (biochemistry),
along with Sidney (biochemistry) and Charlie (chemis-
try), also identified teaching as another stage in their
current understanding of structure and function, with
Hayden describing this as “..then I made uh my third
and final leap when I was teaching it...” Clearly, teaching
the concept of structure and function helps the in-
structor to develop a deeper understanding of the mater-
ial. However, these instructors discussed this as a key
component to developing their understanding of the
concept of structure and function overall. When we con-
sider this from the perspective of a threshold concept (as
defined by Meyer and Land 2006), the reflections of
these instructors suggest that a key point in developing
an expert-level understanding (and thus achieving a true
capacity for this threshold concept) may be beyond the
undergraduate level. In fact, many of these instructors
overall imply that graduate, postdoctoral work, and/or
instructional appointments were foundational in
understanding this important interdisciplinary concept.
While undergraduates may not be expected to reach ex-
pert-level understanding, the interviewed instructors
largely do not identify undergraduate education as an
important step where they developed any substantial un-
derstanding of the concept.

The amount of support for students to achieve learning
objectives about structure and function is also important
in this context. Alex (introductory chemistry) thinks that
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“that’s actually a huge problem. You know, if everybody
has to discover these things for themselves, it takes, it’s go-
ing to take them 20 years to do it.” Here, Alex is likely re-
ferring to an expert-level practitioner’s understanding.
The amount of detail in this understanding may vary,
however. For example, Sam (biochemistry) mentioned
how their students understand the concept in general, like
how “the hand allows you to pick up things in a way that
your leg does not.” However, Sam acknowledged that
“maybe I'm not digging deeply enough into my students’
thinking.” Sam wants their students to understand the im-
portance of structure and function relationships across
levels “and not just scale, as in large versus small, but as in
many versus few.” With Sam’s statement about the hand
and foot, they appear to be demonstrating how the differ-
ences of accessibility of tangible examples and scale play a
role in students’ understanding of the overarching con-
cept. While an expert may understand the connections
and similarities among structure and function relation-
ships from the organismal level to the cellular level, for ex-
ample, a novice may not.

While contrasting learning expectations, Taylor (bio-
chemistry) described “Some of the terminology um, now
I was taking these courses in the 80s, they've changed a
lot.” Taylor’s observations reflect how instructors today
are teaching in a brand new learning environment. Espe-
cially if they, and their departments, are focused on their
discipline’s expectations for structure and function (see
Yoho et al. 2018), the learning goals are very different
than the way they may have been taught in the days be-
fore Vision and Change (AAAS 2011).

“Structure and function” relationships among disciplines

While the instructors occasionally mentioned the influ-
ence of another discipline on their courses, the introduc-
tory chemistry instructors spoke extensively about the
life sciences. While this may be a reflection on the inter-
viewer’s background in the life sciences, we found, how-
ever, a fundamental difference in the type of discussion.
The biology instructors often discussed their students’
knowledge of chemistry or mathematics or the content
of their course relative to pre-requisite/co-requisite
chemistry courses. The chemistry instructors more often
discussed the terms that a biologist may use (in contrast
to their own) or how they feel that a biologist may or
may not understand a particular concept. Likely this
contrast in discussion arose because of the interviewer’s
background or the Vision and Change quote (AAAS
2011) which used “structure and function,” while the
chemistry instructors tended to discuss “structure and
properties” instead. While we acknowledge that these
phrases are similar (Yoho et al. 2018), but may not be
exactly the same (Yoho et al. in press), for the purposes
of this research, the terms were used interchangeably in
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this part of the conversation as well. We provide greater
detail regarding the instructors’ responses to the Vision
and Change quote in a separate future work, but here
focus on the main points of interactions among the
disciplines.

Biology instructors’ relationships with other disciplines
When describing the way in which Jesse (introductory
biology) helps students understand the nuances of enzyme
binding to a correct substrate using a comparison to types
of office staplers, they also acknowledged the distinction
between conceptual and mechanistic understanding. As
an introductory biology instructor, Jesse provides this ana-
logy to their students to introduce a correct conceptual
idea but acknowledges “that understanding that requires a
far more refined understanding of chemical interactions
than they have in this course.” When prompted for clarifi-
cation, Kelsey (introductory biology) also described their
discipline’s relationship with chemistry. Kelsey described
how the cross-talk between biology and chemistry is
mostly dependent on the faculty:

...because of the faculty that are becoming involved in
the courses. Uh, we're able to increase our
discussions. Um, depending on, some faculty, [pause]
aren’t really interested in talking about it [cross-talk
between disciplines and how topics are taught]. They,
they have the idea of this is what we’re going to do
and this is what we’re doing. ...Um, but the cross-talk
is increasing and we’re trying to promote more of
that. Um, for the discussions with chemistry, uh most
of that’s been sort of an informal ... although recently
talking to someone from chemistry, they’re open to
the idea of talking about what does biology need
students to learn from chemistry.

While Kelsey’s discussion of a biology department and
their departmental dynamics may not come as a surprise
to anyone with an academic background in the STEM
fields, the implications for student teaching and learning
here are immense, particularly from the reliance on in-
structor motivations and personality dynamics to shape
any interactions with other disciplines. Addison (intro-
ductory biology) responded similarly about the interac-
tions with chemistry, but discusses a more formal setup.
Addison’s university has “an effort to work with the fac-
ulty” in chemistry, but “different instructors are more or
less involved in that so different sections probably have
more or less explicit connections.” Even considering the
formal university-level encouragement for interdisciplin-
ary discussion in the processes of teaching and learning,
Addison’s university again likely reflects individual in-
structor preferences and inclinations to work across the
disciplinary boundaries. However as an instructor,
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Addison says that “I am trying to be very explicit about
those connections.”

Students’ varying chemistry backgrounds create a chal-
lenge for introductory biology instructors. For Kelsey
(introductory biology), the teaching of topics in the
introductory biology courses also must depend on the
students’ understanding of chemistry. If, for example,
the students did not have a chemistry foundation, Kelsey
describes being “..not sure how that’s going to work if
students are coming in and they maybe haven’t had
chemistry for years, or they did have chemistry but they
didn’t do that well and their chemistry is very weak.”
Kelsey provides the example of how this would impact
topics like chemical bonds in the biology content. Jesse
(introductory biology) describes a similar situation where
“..many of them are learning about these chemical inter-
actions, hydrogen bonds, ionic bonds, etc. in bio before
they are learning about them in chem.” Jesse describes
this instructional challenge that they “run up against” as
the “very wide range” of students’ understanding of
chemistry. Jesse finds that some students “are thinking
automatically in terms of what they've learned in chem-
istry even if it’s inorganic and we keep telling them no,
this is physiology, there’s water” and other students have
“little chemistry” and are learning about these topics for
the first time. While this may reflect the age-old conver-
sation of course pre-requisites and co-requisites, the im-
portance here is reflected in the specifics of teaching
structure and function-related topics in the individual
discipline’s classroom (in this case, referring to Kelsey’s
and Jesse’s biology classrooms).

Biochemistry instructors’ relationships with other disciplines
For biochemistry courses, instructors find that the students
are likely to make connections and have a solid foundation
for learning at this more advanced course level. We asked
Taylor where they thought their students might have devel-
oped their “good understanding of like the three-dimen-
sional aspects” that they described. Taylor thinks that
organic chemistry is to credit, especially for example, how
students think about atoms fitting together or understand-
ing representations. Taylor thinks that “organic chemistry
people these days do a reasonable job of transforming
people into three-dimensional thinkers.” The implications
of this “reasonable job” done by the organic chemistry in-
structors may be manifested in the students’ understanding.
Importantly, Taylor, as a biochemistry instructor, is both
relying on and attributing successes to a different disci-
pline’s (here, chemistry’s) teaching of key concepts.

Sidney (biochemistry) also discusses other disciplines,
but relating back to the life sciences. Sidney’s says their
“students often talk to me about common themes they're
seeing across their courses.” One example Sidney provides
is a connection with genetics, where students recognize
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some of the molecules like DNA, RNA, and proteins “and
some of them start to see that the chemistry is critical to
the genetics, for example. So gene expression depends on
chemistry.” While Sidney’s description of students making
connections may be seen as a teaching victory for both
Sidney and other instructors at their institution, these
connections may warrant further investigation for the
crosscutting concept. For example, future research may
seek to explore these connections further and expand on
the knowledge base in the literature of student under-
standing of the appearances of crosscutting concepts in
multiple disciplines and any particular instructional tech-
niques that facilitate these explicit connections.

Chemistry instructors’ relationships with other disciplines
Alex (introductory chemistry), who was also very critical
of the Vision and Change passage (AAAS 2011; not a
main discussion point of this work), appears to be some-
what negative about the interactions between biology
and chemistry. Alex describes how students cannot
understand figures (for example, glycolysis) when they
are shown. Alex says that:

...students until really until they've got through the
end of organic chemistry don’t have enough
understanding to look at those chemical structures
and be able to say, oh, I can predict those properties.
They just can’t. Um, because they can’t read them.
They can’t decode the information that’s encrypted
within the structure.

Alex puts the ownership of this responsibility on the
biology instructors. They describe that “this is something
that I think that biologists really need to struggle with is
when do you want them, and at what level do you want
them, to understand what’s going on? Is it, is it really all
that important to know the sequence of reactions in, in
the Krebs cycle? I don’t think so.” As with Taylor’s (bio-
chemistry) conversation, a link is drawn from this con-
cept back to organic chemistry. While a notable
difference exists in the presentation, both instructors are
highlighting the importance of organic chemistry to their
students’ professional development.

Ultimately, Alex (chemistry) relates their discussion
back to “grain size” and the scales at which the various
disciplines are interested. From Alex’s responses, we find
that they appear to hold an understanding of the various
disciplines and the relative scale at which those disciplines
are interested from a somewhat fixed perspective. For ex-
ample, at one point Alex describes the relative interests
“..as you get into bigger and bigger molecular um grain
size for example, um you are less and less interested in the
atoms and the bonds themselves, you know, I think mo-
lecular biologists are interested in the potential surfaces...”
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Alex also describes the relationships between chemistry
and biochemistry. Again focusing on the representations
and relative scales of interest, Alex says that “we in chem-
istry don’t get into the kind of even more complex visuali-
zations that they do in biochemistry, but I don’t think that
anybody knows what those things mean anyway. You
know, I don’t think that, um you know, youre not going
to look at one of those complex ribbon diagrams and go
ah-ha! That’s so-in-so.”

Similarly to Alex’s discussion of “grain size,” London
(introductory chemistry) also describes the challenges of
“levels of organization” and “fuzzy boundaries” in defini-
tions and scales of interest. London illustrates the discrep-
ancy between biology and chemistry as “one of the ways
that you can think about that is components, which I
think is very popular in biology, um but I think the way
that chemists think about it more is at um at a levels of
organization of structure.” Further strengthening the
chemists” individual discussions of scales of interest, Lon-
don’s “fuzzy boundaries” words could link to many aspects
of these conversations - boundaries among disciplines,
overlaps in topics, scales of interest, or even words used to
describe specific phenomena. While this is a relatively
small, yet highly focused, sample set of instructors, these
interviews imply a greater awareness of or propensity for
chemistry instructors to discuss what they feel a biologist
understands or teaches in their course.

Beyond scales and visual representations, the use of lan-
guage also differs between the disciplines. While we made
every effort to be conversational based on the inter-
viewee’s disciplinary background, as an expert, the inter-
viewer’s disciplinary background cannot be ignored. As in
a conversation, numerous factors may influence the inter-
view conversation, however, London (introductory chem-
istry) finds that “biologists talk about things in different
ways then chemists do” and gives a “classic example” of
discussing “ATP and getting energy from ATP.” Add-
itional information shared by the chemistry instructors in-
cluded their relationships with mathematics and other
chemistry courses. For example, London (chemistry)
talked about the concepts of lock-and-key and induced fit
and the basis in mathematical thinking. They described
the need for students to be “able to make sense of um the
what the equation is telling them about what the behavior
will be.” Similarly, Charlie (chemistry) also discussed rate
data for enzymatic equations from a physical chemistry
(p-chem) course. While not specifically mentioning the
relationship with the discipline of mathematics, Charlie
describes the comparatively less emphasis in p-chem on
structure and how the discussion format ends up being
“...basically the, your enzyme is a black box and you have,
and you have a certain substrate and you've got, you've
got um rate data.” From this, we may infer that the im-
portance of rate data may relate similarly to students’
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mathematical skills in the classroom. Charlie also dis-
cussed that courses “use different vocabulary, which
causes confusion for students too.” Overall, the chemistry
instructors held strong feelings that they sought to convey
to the interviewer (who has a primarily biology back-
ground). Charlie may have summarized it best with “that’s
a problem, we don't talk very well to each other.”

Discussion

A number of rich conversations including these research
topics, typically in the range of 30 to 40 min, led to sev-
eral key interpretations for our research questions. We
found interesting insights on how instructors in these
three disciplines define structure and function, especially
through the context of enzyme binding. Additionally,
their self-awareness of the development of their under-
standing led to many further questions on what we (edu-
cators in general) expect of students today. Finally, we
observed a number of strongly held opinions about the
interactions among disciplines.

Reflecting on defining “structure” and “function”

In these conversations, the instructors demonstrated the
importance they place on defining structure and function.
While a context (enzyme binding) was provided as part of
the conversation, some instructors also spoke from a more
precise and non-contextualized manner. From a broad per-
spective, the faculty discussed structure and function and
the context of enzyme binding in the manner of an import-
ant topic for teaching and learning in their discipline, align-
ing with the importance of this topic found especially
among biology instructors (Brownell et al. 2014). Overall,
the introductory biology instructors presented the most
conversation about structure-related topics, rather than
function-related topics. As such, biochemistry and chemis-
try instructors tended to emphasize the properties or func-
tions (used interchangeably here) with comparatively more
discussions about thermodynamics, enthalpy, and entropy
in discussing their definitions. In this conversation, the in-
structors (in general) often referred to their teaching styles
and what they present in the classroom. As such, it was
more difficult to differentiate between a “definition” that
they might provide to their students or a definition that is
part of their understanding. As these instructors likely
understood that our research interests lie (at a fundamental
level) in understanding teaching and learning, an implicit
focus on students and the classroom ran throughout the
conversations.

Terminology was a key component of the conversations.
Beyond the use of functions and properties in chemistry,
we found that one of the introductory biology instructors
(Jesse) also used terms like “properties” and “mechanisms.”
Overall, this underscores the importance of terminology in
the presentation of crosscutting concepts, both for the
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concept itself (structure and function, structure-properties
-function, structure-properties, etc.) and also the support-
ing words like mechanisms. Additionally, chemistry in-
structors used phrasing like how something “predicts”
something else (Alex) and the “observables” (Charlie). For
these words, which we consider additional support for the
explanation of the crosscutting concept, we also find that
definitions may be essential to student understanding.
Other work has found that the traditional disciplinary divi-
sions within the STEM fields and the use of knowledge
from prerequisite courses applied later in biochemistry can
present particular challenges for students (Loertscher et al.
2014), especially as the prevalence of biochemistry courses
and molecular life science education has increased (Chees-
man et al. 2007). Especially for students from another
discipline taking a chemistry course, it can be important to
provide further contextualization for the use of those
supporting words. As memorization does not suffice for
concept mastery (Loertscher et al. 2014), clarity in what
material represents key learning content is particularly im-
portant for novice students (Jenkinson and McGill 2012).
As such, these discussions provided rich perspectives on
terminology and what students may experience in different
classrooms. In the conversation, both Alex and Charlie
appear to have recognized that they were speaking with an
interviewer from a primarily biology background and, as
such, provided appropriate contexts and definitions
through the conversation.

Instructors did not develop their understanding as
undergraduates

While an introspective analysis of the development of
learning obviously may be inherently problematic, the key
observation is that these instructors neither feel that they
developed their understanding of structure-function as un-
dergraduates, nor found their undergraduate education to
be a key step in the process. These instructors identify vari-
ous experiences that contributed to their understanding of
structure-function, ranging from moderate gains in under-
graduate research, to much more substantial discussions of
gains in graduate school and postdoctoral positions, as well
as instructional appointments. Overall, this raises the ques-
tion as to what learning goals are reasonable expectations
for undergraduate students. If these experts who are teach-
ing core courses now did not deeply understand the con-
cept as an undergraduate, why would we expect today’s
undergraduate to understand the concepts? With this con-
cept, we may be seeing an important manifestation of the
role of the many reform documents in STEM education in
the recent decade or so - where instructors may be teach-
ing in fundamentally different ways (or expected to meet
different goals) from when they learned the concepts. Ob-
viously the principles of Vision and Change (AAAS 2011)
or even the precursor documents may not have been in
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existence when these instructors were at the undergraduate
level, depending on the age of the instructor (age was not
collected). Additionally in recent years, the emphasis on
molecular-level life sciences has also increased (Cheesman
et al. 2007). The learning concepts today may require stu-
dents to further their application of these molecular-level
concepts from the introductory to advanced (biochemistry)
levels in new situations (Villafane et al. 2011). Emphasis
placed on “detail and depth of contents and processes”
(Tibell and Rundgren 2010) may be different than it was
previously to reflect today’s learning goals. As such, the ex-
pectations for their learning gains may have been com-
pletely different as a student than what they are asking of
their students today. Further research is warranted on the
influence of instructors’ learning experience for structure
and function on their teaching and learning today.

Disciplinary lines reflect apparently strongly held
opinions

The instructors overall had a lot to say about their inter-
actions with colleagues and courses in other disciplines.
This came from two main areas - actual collaborations
and cross-talk and their students’ experience (pre-requi-
sites, co-requisites, for example) as they navigate an
undergraduate program. In these conversations, we
found that the instructors’ institutions may or may not
have directives for disciplinary cross-talk (for example,
Addison’s did and Kelsey’s didn’t, both introductory
biology). However, any cross-talk is still largely
dependent on individual faculty members’ particular in-
clinations (for example, willingness to engage in discus-
sions of teaching and learning), or how comfortable they
may be with their current practices.

While all three disciplines included some discussion of
what their students see, understand, or courses they ex-
perience, the biochemistry instructors must rely strongly
on the lower level courses, most likely due to the position
of their usually upper-level courses. This aligns with a
general understanding that knowledge integration from
one educational level to another can be a challenge for
students, as understanding concepts appearing in multiple
disciplines (Loertscher et al. 2014). Especially for biochem-
istry, this can be viewed as a potential challenge or oppor-
tunity for focused efforts in teaching and learning. For
example, Taylor promoted the excellent job they thought
that the organic chemistry instructors had done for their
students. Similarly, Sidney discussed how students would
come to them and show how they were making connec-
tions surrounding the crosscutting concept of structure
and function across multiple courses and disciplines.

The responses overall from instructors in these three
disciplines may have some influence based on the inter-
viewer’s primarily biology background. Likely, this is seen
most strongly in the chemistry instructors’ statements. For
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example, we found explicit discussion of the scales of
interest, language use and vocabulary, and learning objec-
tives. This may be most notably highlighted in Alex’s de-
sire for biologists to think more about what they want
their students to know. Overall, for this group of instruc-
tors, their feelings appeared to be strongly held along the
disciplinary practices and instructional boundaries.

Limitations and future research

In these conversations, our findings are based on self
-reporting of learning experiences and teaching. As such,
there are inherent possible limitations. For example, these
can be seen in the potential for interviewees to wish to be
seen in the best light (social desirability; Edwards 1957) or
the background of the interviewer in biology. Future re-
search may be useful to have a similar interview done with
an interviewer of a different disciplinary background for
comparison. While we do not wish to extrapolate from
this research to all individuals who are instructors in each
of these three disciplines, we looked for common themes
within and across the three disciplines. We draw compari-
sons among the three disciplines and, as such, may be
seen to be extrapolating further. The intent, however, is to
focus on the implications on teaching and learning. Fi-
nally, the interviewees were recruited from existing profes-
sional networks, self-selected, and not compensated for
their time. As such, there may be an inherent selection
bias, similar to those seen in other studies (Rosenthal
1965; Barnes and Brownell 2018). As with all studies of
this type, additional research is highly useful.

Implications on teaching and learning

Overall, this work has several implications for teaching
and learning of the crosscutting concept of structure
and function at the undergraduate level. As science edu-
cation researchers, we are focused on evidence-based
teaching and learning, as well as active reflection on the
observations, expectations, and practices of our own
fields and across disciplines. Therefore, the interpreta-
tions of the interviews in this study led us to a reflection
of our own classroom practices and our interpretations
of the nature of structure and function as a key crosscut-
ting concept. For example, we see several potential main
educational questions arising from this work:

A. As a faculty member, what would I do differently in
my practices after considering the varying
influences on structure and function described by
faculty across the disciplines? Or, as an
administrator in higher education, what would I do
differently?

B. How do we (as a science education community)
address the apparent disconnect between national
calls for focusing on big ideas like structure and
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function and these faculty members’ own admission
that they didn’t understand the concept until
graduate school or later?

C. Is structure and function so complex that expecting
lower division undergraduate students to make
sense of it is impossible? Or at what level of
understanding do we expect undergraduates to
grasp this concept?

D. How could we structure courses in order to make
this crosscutting concept accessible to lower
division students and those studying across
disciplines? What would that look like and how
could faculty be supported if this would be
necessary?

While this work is unable to address all of the broad
questions that it raises, we have a number of recommen-
dations to help faculty members address this topic in
their classroom, with their colleagues, and from an over-
all educational perspective.

As the topic is lexically ambiguous to students (based
on words and phrases used in a discipline differently than
everyday life, Barwell 2005; Kaplan et al. 2009; Lemke
1990; Yoho et al. in press), a number of classroom engage-
ment and active learning strategies can be useful for be-
ginning the conversation with students. For example,
Yoho et al. (in press) and Yoho (2018) summarize a num-
ber of approaches, including providing a working defin-
ition, establishing meaning and bounds for the definition,
situation-based identification questions, minute papers
(Angelo and Cross 1993), and think-pair-share. Other
techniques useful for lexically ambiguous topics (Kaplan
et al. 2014) and potentially for function also (Yoho et al. in
press) focus on differentiating statements (Lemke 1990),
questioning (Adams et al. 2005), and contrasting (Lavy
and Mashiach-Eizenberg 2009). However, the main teach-
ing recommendations center around awareness in the
classroom (Yoho et al. in press). In this work, we find that
instructor awareness of their own learning and their stu-
dents’ understanding may be a necessary first step. There-
fore, we recommend that instructors consider the
essential crosscutting concepts and how explicitly they are
approaching the conversations surrounding those in the
classroom. Beyond this, administrators may wish to con-
sider the interactions among departments and the disci-
plines. The essential nature of this crosscutting concept
lends itself towards cross-talk and, as such, interactions
among the disciplines are essential to facilitate. As stu-
dents see these topics in multiple disciplines and several
educational levels (Villafane et al. 2011), this type of open
communication may be essential.

Based on the interviews conducted in this study, it ap-
pears that expert-level understanding, at least in the
past, may not have developed at the undergraduate level.
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At this time, there are a number of possible implications.
Perhaps a true understanding of structure and function
is a concept that can be mastered only beyond the
undergraduate level. Or perhaps differences in educa-
tional strategies, as exemplified by Vision and Change
(AAAS 2011) and related expectations are putting these
at the forefront today for students and instructors alike.
Some recent efforts have attempted to use Vision and
Change to detail learning statements for use in under-
graduate biology in hopes of aligning courses and curric-
ula (Brownell et al. 2014; Cary et al. 2017). However,
reports of the process by which development of deep
understanding of structure and function by students are
relatively limited. Although today’s experts reflecting on
their experiences did not find the topic as something
that they understood to any great extent at the under-
graduate level, we must work towards improvement in
these areas. Ultimately, this leads back to a larger
question for the science education community: what
level or “depth” of understanding do we expect un-
dergraduates to have of these important crosscutting
concepts at different points in their academic career?

From these instructors’ reflections, it may be necessary
to continue to rethink the teaching and learning of
structure and function within individual disciplines, as
well as the interactions among disciplines. We find that
there is a continued need to investigate this particular
topic because it appears in and across disciplines, at
multiple scales, and with similar terminology in everyday
life. Additional integration of teaching and learning
strategies may be necessary in order to ensure effective
learning, especially at the introductory levels. Further re-
search on student learning is necessary to elucidate next
steps, however, faculty support is paramount. We
hypothesize that beneficial faculty support may need to
include opportunities for open communication among
disciplines, time for designing and implementing evi-
dence-based instructional strategies, and continued pro-
fessional development time for immersion in the
crosscutting educational calls to action.

Conclusions

While well understood to be a key learning concept in
STEM education, structure and function (along with en-
zyme binding) provide an effective means to investigate
the nuances of teaching and learning today. While the
more experienced faculty members today may have been
undergraduates in a very different learning environment
(for example, pre-“active learning” days, among other edu-
cational emphases today), the importance of awareness of
structure and function across the disciplines should not
be understated. We found apparently strongly held opin-
ions, whether those were for the relationships among dis-
ciplines or the instructors’ own understanding. We
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observe that this crosscutting concept is deserving of add-
itional investigation. For example, further work may be
able to dig deeper into instructors’ teaching styles, student
learning when they encounter the concepts across their
different courses, or the roles of supporting descriptions
(for example, mechanisms and outcomes, discussed in this
work) on understanding the crosscutting concept. For
now, we limit our implications to speculating on the roles
of disciplinary teaching and learning, as well as placing
greater importance on what may be expected of under-
graduate students for truly understanding crosscutting
concepts.
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