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Abstract

Biochemistry textbooks often provide a disconnected, highly

mathematical, and decontextualized treatment of thermody-

namic and kinetic principles, which renders topics like protein

folding difficult to teach. This is concerning given that graduates

entering careers, like the pharmaceutical industry, must be able

to apply such knowledge and related research methods to solve

biochemistry research problems. Thus, it is essential that instruc-

tors have strategies to incorporate research methods and repre-

sentations to help students understand the source of such

scientific knowledge. Therefore, the goal of our work is to exam-

ine expert practice and use the findings to identify instructional

strategies to incorporatemore cutting-edge research andauthen-

tic ways of knowing into science classrooms and textbooks.

Toward this goal, we examined how four scientists explain pro-

tein folding and dynamics research, focusing on the interaction

of spoken language and representations, including gesture. Our

analysis indicates that experts employ multiple representations

and research methods to communicate how evidence can be

used to understand phenomena. In contrast, textbooks explain

what is known but seldom use representations to explain how it

is known. Based on our findings, we suggest implications for

instruction, including the design of textbooks, aswell as potential

instructional strategies to incorporate discussion of experimental

methods and interpretation of representations during classroom

activities. © 2019 International Union of Biochemistry andMolec-

ular Biology, 47(5):513–531, 2019.
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Introduction
Scientific practice relies on a combination of disciplinary
resources to create and communicate meaning, including
spoken and written language, mathematics, gestures, exter-
nal representations (ERs), experimental tools, and activities
[1–3]. Each resource helps characterize a different facet
of disciplinary knowledge and, in combination with other
resources, affords more holistic understanding of a phenome-
non [4, 5]. To gain expertise requires knowledge of

disciplinary theories and models, understanding of how they
are represented, and the ability to productively coordinate
and translate between multiple, irreducible, meaning-making
resources [1, 6–9]. Scientists translate between resources flu-
ently, directly connecting the processes of science, scientific
evidence, and practical contexts to the subject of science [10,
11]. Learning can be thought of as acquiring fluency in and
across various discursive resources [12].

The investigation and modeling of molecular processes in
biochemistry is impossible without these resources, especially
ERs [12–16]. ERs are visible or tangible representations
(as opposed to internal, mental models) and include, for exam-
ple, data outputs from experimentation, graphs used to summa-
rize or transform complex data sets, and two- and three-
dimensional models of phenomena to support visualization and
communication. ERs often employ discipline-specific conven-
tions or stretch across multiple levels of complexity or abstrac-
tion, so effective use requires conceptual knowledge, knowledge
of modes (i.e. symbolic markings and conventions), and the abil-
ity to combine and apply cognitive skills to perceive, process,
and express ERs [14, 17, 18]. Gestures are frequently combined
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with ERs to enhance discussion [19] and studies on gesture in
professional environments [20–22] as well as the classroom [6,
23] suggest that gesture in scientific practice allows individuals
to embody the processes they aim to explain, acting as a bridge
between laboratory experiences and thought.

Supporting the development of visual and discursive flu-
ency in students requires understanding how discursive
resources like ERs and gestures are used in scientific practice
[1, 14, 24, 25]. However, the use of ERs in science courses and
textbooks often appears to be disconnected from authentic dis-
ciplinary practices [11, 26], leaving students to learn only what
is known, not how it is known. For example, textbooks seldom
contain ERs of actual data and oversimplify researchmethods,
failing to illustrate how authentic scientific evidence is visual-
ized and communicated, which creates a disconnect between
experiment, evidence, and “known” phenomenon [27].

We believe it is important to incorporate more cutting-
edge research and authentic ways of knowing into science
classrooms and textbooks to help students understand where
scientific knowledge comes from. Therefore, the overarching
goal of the work presented here is to examine expert practice
and use the findings to identify useful instructional strategies.
This article extends previous work, which modeled how four
research scientists explain protein folding and dynamics
research [28], by exploring how the same scientists use spo-
ken language in concert with ERs and gestures to describe
their research. Using the conceptual–reasoning–mode (CRM)
model [16] as a framework, we focus on the use of two arche-
typical ERs related to protein folding and dynamics, found in
biochemistry textbooks. We characterize how one scientist
describes research methods for investigating protein folding
and dynamics, in order to illustrate the reasoning behaviors
and ways of discussing experimental methods which emerged
from the data from all four experts. We discuss and provide
examples of potential instructional actions based on the data.

Methods
Participants
We interviewed four expert scientists whose current research
is related to protein folding or dynamics, and involves kinetic
and/or thermodynamic data. They are hereafter referred to as
“experts,” or by pseudonyms. The experts’ research projects,
described in Jeffery et al. [28], stretch from elucidating
enzymemechanisms (Beaker), understanding globular protein
stability (John), improving protein drug shelf life (Gertrude),
and developing protein dynamics simulations (William). The
current research was approved by an Institutional Review
Board (#1511016694).

Development and Description of Interview Protocol
As described in Jeffery et al. [28], the MACH model [29] was
used to structure an interview protocol to focus on four
aspects previously identified in scientists’ explanations of
mechanisms: research methods, analogies, context, and

how the phenomenon operates. Semistructured interviews
[30] were employed to explore individuals’ ideas in greater
depth and probe for additional details or clarifications.

In brief, the experts were first asked to describe their
research as they would to a colleague or a scientist in a
related field, then their research context and experimental
methods were probed. They were then asked to explain their
research and protein folding as they would to an upper level
undergraduate student, including thermodynamic concepts
typically covered in undergraduate chemistry (e.g. entropy,
free energy). The interviews, including the production of ERs
or use of any computer-based ERs, were audio/video recorded.
Interviews were transcribed verbatim, images of ERs were
aligned and embedded in the transcript, and all drawing steps
during the production of ERs, gestures referring to ERs, and
captured air gestures were described and inserted into the
transcript.

Selection and Analysis of Expert and Textbook Data
Although we describe analysis of the expert and textbook
data separately, actual analysis consisted of moving between
the two data sets as part of a novel analytical method which
we call “constant parallel comparison” (CPC). Figure 1 pro-
vides a summary of the process developed during analysis of
the data sets. We introduce the expert and textbook lines of
analysis separately because they began as two distinct collec-
tions of data which naturally came to relate to one another as
the study progressed. Open coding [31] and constant compar-
ison [32] occurred first within a single data set. Then the
developed codes informed, but were not used to restrict, the
coding of the other data set. This enabled open coding and
constant comparison within, as well as between, both data
sets. Thus, the expert and textbook data were analyzed as
discrete data sets in “parallel” with “constant comparison”
between and across the data sets. In this way, our coding
method revealed the myriad of ways a reasoning behavior or
method could be communicated, informing future coding and
producing categories populated with diverse instances. Addi-
tionally, this method allowed the researcher to validate the
contents and descriptions of the categories and subcategories
that emerged from the data.

Initial coding of all four expert interviews identified
instances of drawing, use of gestures, and use of multiple
ERs (i.e. where experts referred to previously drawn ERs,
and/or switched between ERs in the course of their discus-
sion). A subset of ERs and related transcript were randomly
selected for analysis using the CRM model [16]. The CRM
model describes the factors that affect an individual’s ability
to interpret ERs in a biochemistry context. The conceptual
factor (C) represents relevant conceptual knowledge; the rea-
soning factor (R) represents reasoning or sense-making abili-
ties needed to interpret a representation; and the mode
factor (M) characterizes the external nature of the represen-
tation, such as symbolic markings. Reasoning behaviors can
be applied to concepts (RC), to a representation itself (RM), or
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to both simultaneously (CRM). By associating reasoning abili-
ties with verbs, conceptual knowledge with nouns or noun
phrases, and modes with nouns referring to components
and/or markings of ERs, verb + concept-noun or mode-noun
pairs can serve as evidence of a reasoning behavior.

Reasoning (verbs), concepts (nouns), and modes (nouns)
were color coded to draw the coder’s (KAJ) attention to the
parts of speech during analysis. The selected transcripts
were then analyzed line-by-line to identify and describe pos-
sible instances of reasoning behaviors (open coding) [31].
During this process, the surrounding context was considered
so as to preserve the participants’ meanings and to enable
coding at larger granularities; that is, we coded pairs of words,
then considered the sentence, then multiple sentences. A single
phrase could be coded for multiple behaviors. For example,
consider the text, “…so even if you add in an acid [draws red
circle with ‘H’ in it]….” This data contain a reasoning-verb
phrase (“if you add in”), a concept-noun (“an acid”), and the
use of symbolic markings on a representation (red circle, H).
Possible descriptions of the behaviors suggested by this data
are “manipulates representation to discuss a hypothetical situ-
ation” and “associates symbolism (red circle/H) with an entity
(acid).” A master list of instances of reasoning behaviors was

produced this way. The phrasing was refined using memoing
[30] to sort the codes into categories and subcategories that
were revised several times through constant comparison as
category and subcategory descriptions crystallized (Fig. 1).
Following a similar process, the entire transcripts of all four
experts were analyzed to describe instances of discussion of
experimental methods, and the resulting codes were sorted
and refined into categories (Fig. 1). Each of these instances
was also coded to indicate if it was associated with a gesture,
an ER, or a combination of both.

To select textbook ERs, eight biochemistry textbooks
were reviewed to identify chapters with thermodynamics
and protein-folding content. ERs from these chapters were
sorted into general categories based on the ER, its caption,
and associated body text. ERs were sorted multiple times
into a number of narrower categories (e.g. protein dynam-
ics). This led to the identification of textbook ERs which
shared similarities with each other and some ERs from the
expert interviews. Abstracting features from these ERs
enabled us to identify two “archetypical ERs” which repre-
sent (1) equilibria between folded and unfolded protein
states, and (2) free energy change for a reaction, often along
a reaction coordinate (see Fig. 2). Very few free energy-

FIG 1
Simplified diagram of “CPC” analytical method developed to code expert and textbook data. Boxes in the upper half

(white) indicate steps related to the processing of textbook data; boxes in the lower half (gray) indicate steps involving

expert data. The thick black arrows should be interpreted as providing a loose order to the steps, as some occurred con-

currently and others asynchronously. The vertical stacks of boxes are meant to illustrate some of the smaller steps that

occurred during a round of coding. Thin arrows crossing between the data sets suggest times when the knowledge pro-

duced in one data source informed the other.
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coordinate diagrams were present in the chapters initially
reviewed, so the index and table of contents were used to
identify relevant ERs in enzyme and catalysis chapters for
inclusion.

ERs from four of the original eight biochemistry text-
books were selected for further analysis. The selected
textbooks include those: (1) providing an overview of bio-
chemical concepts for pre-med and allied health topics [33];
(2) focused on incorporating classical and current research
on biochemistry [34]; (3) aimed at communicating funda-
mental principles of biological molecules to first-time bio-
chemistry students [35]; and (4) aiming to balance new
research findings with essential biochemical principles [36].
All of the selected ERs from these four textbooks were coded
line-by-line in the same manner as the expert interviews.
The four expert interviews were then reviewed again to
identify ERs like the archetypical ERs and coded (or re-coded)
using the same process. The coding of old and new expert and

textbook ERs served to validate the codes previously produced
(see Fig. 1).

Results and Discussion
In this section, we examine how one expert, John,
explains his research by combining language, ERs, and
gesture. John investigates how globular proteins lose
structure with the aim of better understanding protein
rigidity and longevity and therefore how to engineer pro-
teins for function in harsher conditions or to improve shelf
life. We discuss two of John’s ERs because they provide
clear illustrations of several different reasoning behaviors
and ways of integrating discussion of experimental
methods and data. Other experts’ narratives were compa-
rable. We present a list of reasoning behaviors (Table I)
and ways of discussing experimental methods (Table II),
which emerged from all four expert interviews and the
textbook data. In the data excerpts contained in the fig-
ures, we highlight examples of reasoning behaviors writ-
ten as verb–noun pairs. However, it should be noted that
use of an ER always involves simultaneous reasoning with
both conceptual knowledge (RC) and mode (RM) [16]. At
the end, we discuss the use of ERs in biochemistry text-
book narratives, before comparing the expert and text-
book data in the Conclusions.

John Combines a Protein-Folding Cartoon with
Equations and Gestures to Explain Proteolysis
Kinetics
John uses proteolysis kinetics to understand the energetics
of globular protein unfolding. Figure 3 contains a short
excerpt from John’s explanation (see “Speech” column in
Fig. 3c), with drawing steps and gestures indicated in italics
(“Gesture” column), and several examples of reasoning
behaviors written as verb-noun pairs (“Reasoning” column
in Fig. 3c; also see Table I). The excerpt provided in Fig. 3c
begins after John completes the protein-folding cartoon in
Fig. 3a, but we briefly describe the drawing of Fig. 3a to
provide necessary context. John begins by drawing a car-
toon of a folded protein (labeled “N” in Fig. 3a). Speaking
and drawing simultaneously, John first identifies the entities
and processes he investigates by describing how a native
protein, N, can partially unfold into a cleavable form, C,
with an exposed alpha helix which can be digested by prote-
ases. He uses differently sized arrows to show that, prior to
adding protease, a dynamic equilibrium exists between the
forms of the protein where the native form is more stable
and therefore “99.9%” of the protein is in that conformation.
By doing this, he associates the process of equilibrium with
the arrows, as well as a property of the system with the
arrow length. John repeatedly points to the different car-
toon forms as he compares their stabilities, thereby anchor-
ing his discussion of populations to the drawn entities. He
then explains how protease can irreversibly digest the
cleavable form into small fragments, transforming the “C”

FIG 2
Archetypical ERs abstracted from review of the

expert and textbook data. (a) Archetypical ER of equi-

librium between protein structural states. Variations

on this ER include protein denaturation equilibria;

unfolded to folded protein ERs showing hydrophobic

collapse; models of folding pathways (i.e. formation

of secondary elements, hydrophobic collapse);

examples of computer simulations of folding path-

ways; pathways to improperly folded proteins; and

pathways involved in maintaining proteostasis.

(b) Archetypical ER of free energy change for a pro-

cess. Variations on this ER typically display free

energy (G) on the vertical axis and may or may not

include a horizontal axis labeled “reaction coordi-

nate”; indicate reactant, product, and possibly inter-

mediate or transition states; may designate values

such as ΔGr, ΔG
‡
cat, or ΔG

‡
uncat.
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TABLE I
Examples of categories of reasoning behaviors demonstrated by experts and textbooks. Reasoning behaviors are

written as verb + noun pairs, and are accompanied by example quotes. Categories emerged from grouping similar

reasoning behavior codes. The categories and codes presented here are not comprehensive, nor are each of the cat-

egories equally represented in the data. The source of the example quotes are provided in parentheses at the end of

each quote.

Category Codes Examples

Identifies a. Physical

…entities, subparts of an entity, or emergent

structures;

…properties of entities, interactions, or

processes;

…interactions;

…states of a process, system, or entity;

…the environmental conditions;

…spatial organization, location, or orientation;

…the purpose or function of an entity;

…processes or events.

Identifies entities/sub-parts; identifies spatial

organization

“…I have a carboxylic acid… an… arginine over

here… maybe I have a water molecule here… a

backbone carbonyl over here…” (Beaker)

Identifies state of entity

“So (the) protein is in the unfolded state…” (John)

Identifies interactions between entities

“...the hydrogen bonds that the molecule is making

with itself…. …hydrogen bonds it’s making with

matrix….” (Gertrude)

b. Modal

…graphical units in a representation;

…what entity is described by a plot;

…graph or plot features (e.g. large changes in

line shape);

…groups of bars/lines via color or proximity;

…or indicates a particular feature using an

arrow, line, or shape.

Identifies graphical units in a representation

“…I have a carboxylic acid [draws C with H] and I

maybe have an NH3 group here [draws NH3
+]… an

arginine [writes N]… a backbone carbonyl over

here [draws line to O, writes C=O]…” (Beaker)

Identifies a graph or plot feature

“Really tall bars [moves mouse across bars from left

to right] up to 60% [briefly points at tallest bar].”

(Gertrude)

Associates a. Physical

…properties with entities or subparts of entities;

…functions with entities or subparts of entities;

…properties or states of a system with entities,

their interactions, and organization.

Associates property with entity

“…here are some hydrophobic residues…” (William)

Associates function with a subpart of an entity

“…this tyrosine can be a hydrogen bond donor

[points at H on –OH of Tyr]…” (Gertrude)

Associates property of a system with entities and

their organization

“The entropy loss arises from the formation of the ES

complex (fig. 14.4), a highly organized (low-entropy)

entity…” (Textbook, Garrett & Grisham, 2013)

b. Modal

…entities or sub-parts of entities with symbols;

…states, changes in state, interactions, or

properties with symbols (e.g. hydrophobicity

shown by hatching);

…motion or process with a symbol (esp.

arrows);

…a state or process with plot shape;

…properties of an entity or state with a plot

feature;

…variables (e.g. time) with axes on a plot;

…a process or state with a mathematical

expression or term;

…a mathematical expression or term with the

behavior of a plot (e.g. line shape);

…different symbols or representations (i.e.

horizontal translation).

Associates sub-part of entity with symbol (number)

“…as a function of peptide…. …that’s what all these

weird numbers are.” (Gertrude)

Associates process with arrow

“And proteolysis usually it occurs through just one

step [points at N to C arrow in reaction]…” (John)

Associates structural state with plot shape

“[…over data lines on plot] are taking up more

deuterium which suggests that there’s a more open

structure of the aggregate.” (Gertrude)

(Continues)
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form by drawing a third cartoon of the digested protein
components. Other experts similarly modified, covered up,
or described manipulating ERs in their explanations (data
not shown). Where the excerpt in Fig. 3c begins, John inte-
grates his explanation (see “Speech” column), gesture, and
multiple ERs to define the processes and properties signifi-
cant to proteolysis kinetics. He does this in part by associat-
ing the processes with specific symbols (e.g. kint as intrinsic
proteolysis rate), variables in equations, and his cartoon ER
by labeling the arrows. John goes on to explain that he uses
an equation to relate the processes to the overall rate of
proteolysis, kp, associating the entire process with a mathe-
matical model (Fig. 3b). John repeatedly employs gesture
and shapes (e.g. lines, circles; “Gesture” column in Fig. 3c)
to tie the equations (Fig. 3b) to the cartoon (Fig. 3a). For
example, by pointing first to a symbol in the cartoon and
then to the same symbol in an equation, John relates a pro-
cess to an experimental variable, indicating the processes
and values significant to proteolysis kinetics.

John goes on to describe the data he collects and calcu-
lates, such as speed of digestion to determine the overall rate
of proteolysis (kp; see Figs. 3b and 3c “Speech” and “Gesture”

columns). At the end of the excerpt in Fig. 3c, he integrates
discussion of strategizing within experimental constraints by
using a generic peptide to approximate kint if the sequence is
unknown, and the inherent limitation and error associated
with doing so. In the interview, John continues to explain
how those data are then used to determine the equilibrium
constant (Fig. 3b, rearranged equation) and he offers exam-
ples of the magnitude of Kunf, placing them next to the equa-
tion. He explains that the overall rate of proteolysis is usually
very slow (small kp) while digestion of a short peptide is very
fast (large kint). The Kunf value therefore describes the sus-
ceptibility of the protein to proteolysis. Kunf can be used to
find the free energy difference between the native and cleav-
able forms, and John draws an arrow from Kunf to ΔG�

C-N to
relate the equilibrium and free energy values (Fig. 3b). Refer-
ring to Fig. 4a, John explains that they can determine the
ΔG�

C-N for many different environmental conditions as well
as the effect of mutations on ΔG�

C-N. He finally situates this
information within the context of his research goals and
other experimental methods by explaining how he uses
the data to make structural models of cleavable states,
which—because they are so rare in comparison to the native

TABLE I
(Continued)

Category Codes Examples

Compares …states, entities, or environmental conditions;

…the magnitude of a property or change;

…features of plots or graphs.

“If you put it in the solid state… those same groups

are now interacting not with water…” (Gertrude)

“10 to the fifth, 10 to the sixth [writes in exponent ‘5’,

then ‘106’]. Where is 10 to the 12th?” (Beaker)

“…the scale is the y-axis is the same [points briefly at

y-axis label], but you can see that everything is

suppressed…” (Gertrude)

Orders …events or states in a process. “And then you’ll go through a transition state…. …

that takes place first…. Then…” (Beaker)

“The core (or some part of it) folds in a β sheet before

the rest of the protein folds correctly…” (Textbook,

Nelson & Cox, 2013)

Draws

(causal) link

…between events or interactions and changes

in states or properties;

…between changes in interactions and

emergent structures;

…or indicates lack of relationship between

events or interactions and changes in states

or properties.

“…the labeling process…. …what the deuterium

incorporation is telling you not only what’s solvent

exposed on the protein… but it also gives you

some information about dynamics…” (Gertrude)

“So this folded form….is probably folded in part

because of its hydrogen bonding interactions… to

itself… that make its structure…” (Gertrude)

“…when this is in the active site that tweaks the

differences between those distances and angles.”

(Beaker)

“…the presence of the hydrophobic groups interrupts

the hydrogen-bonded network of water molecules.”

(Textbook, Pratt & Cornely, 2014)
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TABLE II
Five ways in which experts and textbooks integrated discussion of experimental methods and data with ERs. The

categories and codes presented here are not comprehensive, nor are each of the categories equally represented in

the data. The source of the example quotes are provided in parentheses at the end of each quote.

Category Examples ACE-Bio Competencies*

Identifies or describes method or

method purpose

“…I can make it [palms facing each other,

misaligned] hold them apart [twists both

hands so palms face away from each

other] so that they never react. So that’s

theoretically possible to do with an enzyme

too. So I could do that by [indicates region

of cartoon enzyme] changing the

orientation, etc.” (Beaker)

“…if you dissolve your protein in D2O, amide

backbone proton(s are) exchanged with

deuterium in solution [waves hand back

and forth generally] and then that rate is

determined exactly same way [points at

cartoon of conversion N to C].” (John)

“…it starts with what we call MD

simulations…. …in principle, simulate over

a course of, typically- nowadays, typically

on the order of 50–100 nanoseconds

[writes ‘50–100 ns’] the full dynamics of the

protein [hand makes sweeping motion],

including water and including ions,

cofactor, etc.…” (William)

“Yet dialyzing away the urea and exposing

the resulting solution to O2 at pH 8 yields a

protein that…” (Textbook, Voet & Voet,

2011)

The ability to generate a research

question and formulate

hypotheses.

Plan feasible and ethical

experiments to answer research

questions

Describes treatment variables “…compare it to the histidine formulation

[shows histidine plot]… …the ones with

sucrose and trelose, the sucrose is… …

whereas… …for mannitol...” (Gertrude)

“…expose it to D2O [points at asterisk below

dish with powder] in the vapor phase at

controlled temperature, relative humidity.

… …and then at a particular

temperature…” (Gertrude)

“…and we can change the condition [draws

arrow] and then protein starts to fold

[writes N underneath], right?” (John)

“…in the presence of a small amount of

β-mercaptoethanol with gentle warming…”

(Textbook, Garrett & Grisham, 2013)

Plan

Describes outcome variables (the

type of data a method collects

or has collected). May provide

an example of data

“…the rate of the reaction will depend upon

how the enzyme [points at wedge on A

circle] can orient these two correctly.”

(Beaker)

“These two [draws square bracket line from

first to second red circle] when we did the

RMS deviation are almost identical. [labels

bracket ‘RMS Deviation Identical’]”

(Beaker)

Plan

The ability to analyze and process

data.

(Continues)
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TABLE II
(Continued)

Category Examples ACE-Bio Competencies*

“…and then, in principle, using canonical

ensembles, trying to estimate the relative

free energies [points between two

glutamates] of different conformations.”

(William)

“And so you get a band at 1650 or so

[moves mouse from bottom of dip down

to x-axis] that corresponds to alpha helix

[mouse traces over dip in dotted line]…”

(Gertrude)

“Thermodynamic calculations indicate that

lowering ΔG‡ by about 5.7 kJ • mol−1

accelerates the reaction 10-fold.”

(Textbook, Pratt & Cornely, 2014)

Describes limitations of

methods/techniques, error

associated with methods, or

limitations in data

representation. May compare to

another method to illustrate

limitations

“…I used hydrogen exchange. Hydrogen

exchange requires, like, NMR or mass

spec, right? But proteolysis doesn’t require

anything pretty much. Protease and SDS

PAGE gel, right? So it’s very simple.”

(John)

“So you take your compound and you want

to have the answer in a minute or five

minutes. If you do this like this [taps pen at

ligands in active site of enzyme diagram],

you’re waiting several days for each

compound.” (William)

“…this C state [points at cartoon C form],

again, this partially unfolded form is very

rare, right? It’s just one out of a million. So

there’s no way to monitor- to determine

the structure of this C directly. Impossible.

If you use NMR or CD or fluorescence or

whatever spectroscopic method, this N

form is dominant form. …99.99% so the

signal you get… is from this N [circles N]

and then it’s hard to get information on

C….” (John)

Plan

The ability to conclude about data

with inferences that are limited to

the scope inherent in the

experimental design.

The ability to communicate research

work in professionally appropriate

modes, including visual, written,

and oral formats.

Compares data to expectations or

to other work in the field

“Kinetic(s) might (have an) important role

[points at heme and porphyrin drawing]-

it’s less studied or not studied at all from

(a) computation(al) aspect.” (William)

“They’re probably more theories than there

are examples where people have

‘quantitated’ [indicates drawing of

substrate in active site] what’s happening

in there.” (Beaker)

Identify gaps or limitations in current

research knowledge.

*In cases where more than one ACE-Bio competency (Pelaez et al., 2017) is relevant, the competency is only defined the first time it

appears.
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form—cannot be studied directly by any other typical method
(e.g. nuclear magnetic resonance, circular dichroism, etc.).

As can be seen from this data, John combines a variety
of gestures, ER-related reasoning behaviors, and ERs in his
discussion. Table I provides descriptions and examples of the
major categories of reasoning behaviors which emerged
from the expert data. The most prevalent categories were
the “identifies” and “associates” categories as the experts
frequently first identified what they were discussing, draw-
ing, or pointing at, before associating properties, processes,
etc. with particular molecular components or graphical
units. For these two categories, we include “physical” and

“modal” subcategories in an attempt to distinguish reasoning
behaviors that address the components of the molecular sys-
tem as opposed to graphical units in the ERs themselves; that
is, we attempt to distinguish RC and RM behaviors. This is
an artificial separation as effective use of an ER involves both
(CRM). Consider the following: associating a property
(e.g. hydrophobicity) with an entity (e.g. amino acid residue)
is an RC behavior particular to the “physical” system, while
associating a property (e.g. hydrophobicity) to symbols
(e.g. hatching, color) is particular to the “modal” system and
thus an RM behavior. Several other categories that emerged
from the data are “orders,” “compares,” and “draws (causal)

FIG 3
John describes the method of proteolysis kinetics. The ERs John produced for his explanation are shown in (a) and

(b). An excerpt from John’s discussion of proteolysis kinetics is provided in (c). John’s gestures, including drawing

steps, are aligned with his speech (see italics, second column in c). For readability, alignments are approximate. A few

examples of reasoning behaviors (written as verb–noun pairs) and discussion of experimental methods are provided

in the third column. Reasoning with modes (RM), concepts (RC), or both are indicated in superscripts at the end of the

reasoning behavior.
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link.” These behaviors involve more than one entity, state, etc.
or graphical unit, so they are slightly more complex reasoning
behaviors than “identify” or “associate.”

John Combines Protein Denaturation Graphs and a
Free Energy Diagram to Describe Methods to Study
Protein Folding
John combines several ERs (Figs. 4a–4c) with speech
(Fig. 4d “Speech” column) and gestures and drawing
(Fig. 4d “Gesture” column) to discuss methods he uses to
study changes in free energy associated with protein folding.
The explanation in Fig. 4d begins where John starts to draw
Fig. 4c. However, we again briefly describe some of John’s
prior discussion to provide necessary context. When previously
prompted to describe his methods in more detail, John begins
by explaining that in addition to investigating proteolysis of

partially folded proteins under native conditions, he sometimes
changes the experimental conditions by adding urea. John
draws a causal link between the presence of urea and the
change in the energy required for a protein’s conformational
change: that is, less energy is required for the protein to unfold
when urea is added, and this decrease in energy correlates
with an increase in the observed kinetics. He adds a sense of
dynamics to his discussion by cupping his hands together to
represent a globular protein and moving them apart when he
mentions unfolding (see Fig. 5a). Other experts similarly used
gesture to animate, as well as connect and quantify, their ERs
(data not shown). John explains verbally that adding urea can
also be used to determine the energy gap (ΔG�

C-N) between the
native and partially folded cleavable states. He initially repre-
sents this energy gap by vertically stacking his hands and
decreasing the distance between his hands as he discusses

FIG 4
John describes different methods used to explore protein-folding energetics. The ERs (a–c) John uses in his explanation

are provided along with a short excerpt where he describes several methods he uses to explore free energy changes

associated with protein folding (d). John’s gestures, including drawing steps, are aligned with his speech (see italics, sec-

ond column in d). For readability, alignments are approximate. Note that the asterisk connects the line in (c) to the arrow

in (b). This drawing step is similarly indicated in (d). A few examples of reasoning behaviors (written as verb–noun pairs)

and discussion of experimental methods are provided in the third column. Reasoning with modes (RM), concepts (RC),

or both are indicated in superscripts at the end of the reasoning behavior.
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monitoring the change in ΔG over time with changes to urea
concentration (see Fig. 5b). As he tries to explain what “that
slope” represents, John switches to using drawings, creating
the axes of Fig. 4a before switching to create Fig. 4b.

In Fig. 4b, John identifies the relative energy levels of
native (N) and cleavable (C) forms and associates the difference
in energy with the symbol ΔG�

C-N and an arrow. He explains
how he plots ΔG�

C-N data at different concentrations of urea
(Fig. 4a) and associates the resulting slope with how much the
protein unfolds, that is, the amount of structural difference
between the native and cleavable forms. With Fig. 4a, John
explains the meanings of two instances: no slope indicates that
the native and cleavable forms are similar and conformational
change depends very little on urea, whereas a large slope sug-
gests a large structural change when the protein changes form.
Each time he mentions a structural difference or change, he
points back and forth between the N and C forms in Fig. 3a,
relating the two ERs. Later in his interview, where the excerpt
in Fig. 4d begins, John returns to Fig. 4b to describe another
experimental method used to characterize a protein’s global
stability. He explains that the globally unfolded form of a
protein (U) exists at a higher energy state than the other states
(see Fig. 4b and “Gesture” column in Fig. 4d), again associating
the difference in energy with a symbol (ΔG�

U-N) and an arrow
between the two states. Drawing the line on the plot in Fig. 4c,
John explains that a protein in its native state eventually loses
its structure as the concentration of urea increases and they can
monitor the change in the fraction of native protein. In this way,
John draws a link between changing environmental conditions
and changing structural state, associates change in structural
state with the shape of the plot, and identifies the data collected.
John ends by describing how this experimental data is manipu-
lated, calculated, combined, and then represented with ERs like

those in Figs. 4a–4c and structural models, in order to represent
the stability of the protein and regions that unfold.

The excerpts discussed here provide examples of the
ways in which the experts integrate ERs with experimental
information, such as limitations of methods and estimates of
data values. Table II provides descriptions and examples of
the major categories related to experimental methods which
emerged from the data. Given that the interviews focused on
explanations of research, the largest categories reflect some
of the main considerations of experimentation: purpose, limita-
tions of methods, treatment variables, and outcome variables
[37, 38]. Experts integrated experimental information by
directly representing it on the ERs in the form of, for example,
variables to be collected or calculated, data estimates, or
labels and symbols indicating environmental conditions, as
well as by pointing to indicate or relate different components
of ERs.

Textbooks Explain What Is Known but Seldom Use
ERs to Show How It Is Known
CPC of the textbook and expert data found similar categories
of reasoning behaviors (Table I) in the textbook narratives
and captions associated with ERs, as well as mentions of
experimental methods or data in relation to ERs (Table II).
In general, very few references were made to the compo-
nents of ERs in the associated textbook narrative and the text
very rarely prompted the reader to draw connections
between ERs. Additionally, few of the reviewed textbook ERs
combined different types of representations in the same fig-
ure (e.g. graphs and cartoons). Many of the items coded as
reasoning behaviors in the reviewed textbooks were state-
ments that characterized entities, properties, or interactions,

FIG 5
Two gestures used by John as he discusses his research on protein-folding energetics. In panel (a), John uses cupped hands

to illustrate a folded globular protein. He then moves his hands apart (see arrow) as he talks about the protein unfolding,

adding a sense of motion that is not present in his speech or ER. This movement was often repeated more than once. In

panel (b), John represents the relative energy gap between native and partially unfolded protein states using his hands. John

then decreases the distance between his hands (see arrow) as he describes monitoring the change in free energy over time.

Other experts similarly used gesture to animate, as well as connect and quantify, their ERs (data not shown).
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and drew relationships between them. For instance, the
example textbook quote in the “Orders” category in Table I
describes the order in which regions of proteins fold. The
other textbook quotes in Table I in the “Associates a. Physi-
cal” and “Draws (causal) link” categories similarly read as
statements of disciplinary knowledge, rather than explana-
tions of what evidence has led to a particular understanding
or how that knowledge is known. Correspondingly, refer-
ences to experimental methods in the reviewed textbooks
tended to include identifying methods, experimental condi-
tions and possibly outcome variables (see example textbook
quotes in the first three categories of Table II). In the
reviewed textbooks, experimental methods and evidence
were mainly utilized to support disciplinary knowledge state-
ments rather than demonstrate how research leads to the
development of disciplinary knowledge.

Conclusions
John’s discussion and his use of ERs highlight how he con-
nects experimental methods and data to ERs to understand
protein-folding and dynamics phenomena. Furthermore, it
highlights how his understanding is informed by coordinat-
ing several different kinds of ERs. We briefly discuss our
findings before showing how they can inform the translation
of experimental methods into the classroom, and the design
of educational materials to support student interpretation of
ERs, in the Implications section.

Experts Used ERs to Explain How Research
Methods Provide Evidence about Phenomena
Experts used ERs to describe their experimental methods
and show how the methods informed their understanding of
phenomena. Our analysis produced five categories related to
experimental methods. These categories align with concepts
and skills of experimentation identified elsewhere, such as
the ACE-Bio competencies (see Table II) [37, 38]. The
experts’ discussions included evidence of all seven ACE-Bio
competency areas, including the ability to conduct an investi-
gation which, although it is not indicated in Table II, is
accounted for in their performance as research scientists
and in statements about taking measurements and trouble-
shooting. In comparison, few of the reviewed textbook ERs
prompted students to consider the methods behind the infor-
mation presented. References to experimental methods in
the reviewed textbooks were limited mostly to brief descrip-
tions of methods. For example, reviewed textbook ERs of
protein-folding equilibria commonly labeled arrows with
denaturants or mentioned the use of computer simulation in
generating models. Computer simulation data was also asso-
ciated with some textbook free energy-coordinate ERs, but
only one of the reviewed ERs included an actual numerical
value for a bond angle [35]. Compared to the expert data,
there was less discussion of how an experimental method
provides evidence about a phenomenon, why a method

was chosen, or inherent limitations or error (see Table II).
This is unsurprising given that most textbooks aim to com-
municate established disciplinary knowledge, but it never-
theless obscures how scientific knowledge depends on
evidence from experimentation.

Experts Used Multiple ERs and Gestures to
Communicate their Understanding
The experts employed a variety of reasoning behaviors
when they produced and used their ERs (see Table I). By far
the largest categories were “identifies” and “associates”
because these had to occur first in order to engage in other
behaviors, like comparison or drawing (causal) links. The
same kinds of reasoning behaviors were identified in the
textbook data. Though no quantitative comparison was
made, it appears that in comparison to experts, very few
references were made to components of ERs in the associ-
ated text and/or the captions. Labels are probably intended
to play this identifying role for ERs, however identification
of a graphical component without directing attention to it in
associated text limits opportunities to connect the ER to the
surrounding discussion and enhance meaning [26]. The fre-
quent use of gesture allowed experts to integrate their dis-
cussion with various ERs. Experts connected their speech,
components of a single ER, and different ERs. Take, for
example, John’s frequent use of pointing to associate the pro-
cesses represented by his cartoon drawing (Fig. 3a) to mea-
sured experimental variables (Fig. 3b). The reviewed
textbooks seldom used language or labels to explicitly draw
the same kinds of repeated connections, and it is probably
for this reason that the text seemed disconnected from text-
book ERs. The experts also frequently combined different
types of ERs into composite ERs. In the last excerpt, for
example, John combines three different data representations
(Figs. 4a–4c) and references the protein-folding cartoon in
Fig. 3a. In comparison, the reviewed textbook ERs seldom
combined graphs of experimental data, equations, and/or
cartoons in the same figure, nor did their associated text
prompt the reader to refer to one ER and then another. This
is problematic for textbooks as our evidence indicates that
meaning is generated by coordinating features within and
across multiple ERs [39–41].

Furthermore, when they initially generated ERs, experts
employed simpler or more concrete behaviors—such as iden-
tifying part of a graphical unit as a protein domain or associ-
ating a property like hydrophobicity with an entity. After they
established relevant components, the experts continued on to
consider the context of their research, at which point they
began to use more complex reasoning skills, such as strate-
gizing given experimental constraints or evaluating and syn-
thesizing data across ERs. Further research is necessary, but
this could have implications for the design of textbooks and
curriculum aimed at scaffolding the development of higher
order cognitive skills [42], as discussed in the Implications for
Teaching and Learning section.

524 Using Expert Data to Inform Instruction and Textbook Design

Biochemistry and
Molecular Biology Education



Limitations
This was an exploratory, qualitative study of four experts
and selected textbook ERs. The results represent only the
behaviors identified in relation to these ERs and therefore
cannot be generalized across all ERs. However, the limited
sample enables deeper analysis than would be obtainable
through a larger study. We do not claim that the results
presented here are comprehensive, but it is likely that these
behaviors are exhibited by other experts and illustrated in
textbooks, and that the results have implications that are
useful for a broader audience. By design, we considered a
limited number of ERs in the textbooks we selected and are
not making inferences about their entire content, nor are
we ranking or rating them in any manner.

Implications for Teaching and
Learning
Scientists can bring their research into the biochemistry class-
room to impart authenticity to the subject matter and to
expose students to cutting-edge research and methods. As our
data show, students can be shown the relevance of a topic like
protein folding by learning how it is known (i.e. experimental
method) and why it matters in a social context (e.g. to
improve stability and shelf life of protein drugs). The find-
ings of this study can inform the translation of cutting-
edge biochemical research methods into the classroom
and textbooks, as well as the design of educational mate-
rials to support student interaction with ERs. Others can
use the process (Fig. 1) applied in this study to evaluate
and enhance instruction for other cutting-edge research
topics. We briefly discuss these implications and suggest
instructional actions.

Incorporating Research Methods in Instruction
Past research has indicated that the representations used in
science courses and textbooks are often disconnected from
authentic scientific research practices [25, 26]. For exam-
ple, textbooks often do not contain representations of actual
data and use oversimplified diagrams to explain methods,
thus failing to illustrate how authentic scientific evidence is
visualized and communicated [27]. It would therefore be
unsurprising to find students struggling to interpret ERs of
actual data or to understand how experimental methods
elucidate phenomena. The authors recognize that using an
ER to communicate experimental methods serves a different
purpose compared to textbook ERs which typically aim to
communicate knowledge about structures or processes.
However, during analysis, we were struck by how these
experts easily combined discussion of experimental methods
and data with ERs like those found in textbooks to relate phe-
nomena to their social and experimental contexts [28]. We
believe this process was likely made easier by the narrative-
like structure of the experts’ explanations, which is quite

different from the often dense writing of textbooks. None of
the descriptions or representations provided by the experts
were particularly complex, which suggests that incorporat-
ing ERs that are better connected to current, authentic
research practices and contexts, is doable. Potential instruc-
tional actions to incorporate methods in the classroom are
provided in Table III.

We wonder how the incorporation of methods in the
instruction of biochemistry may affect student understanding,
particularly in relation to abstract concepts like energy. In a
previous study [28], we characterized how the same set of
experts explained thermodynamic and kinetic concepts in
different ways that aligned with their research methods. John,
for example, used kinetics-based methods and considered free
energy and stability from a temporal perspective, interweaving
time, frequency, and population with the idea of a protein
“jiggling” in and out of particular conformations [28]. Com-
plementing the characterizations provided in that work [28],
the authors believe the data presented in this article demon-
strate a way to communicate abstract ideas by grounding them
in experiences, specifically experimental methods. We propose
that as disciplinary meaning-making resources, experimental
methods, and activities could serve as knowledge resources that
help ground knowledge and reasoning about abstract concepts
[43, 44], and could influence how students conceptualize physi-
cal phenomena in the same way linguistic choices do [43, 45].
As stated by the textbooks reviewed here, biochemical knowl-
edge advances in parallel with the development of biochemical
techniques [35, 36].

Other work [46] also suggests that experiential
resources can support the design of ERs by pulling on
embodied conceptions (i.e. conceptions based in sensori-
motor experiences) which are used to conceptualize
abstract concepts by referring to more familiar or concrete
ideas [47, 48]. Scientists draw on sensorimotor experi-
ences to understand abstract thermodynamic functions:
for example, treating energy as a substance or a location
[49–51]. Furthermore, using multiple ERs to model con-
cepts from a variety of perspectives reflects the flexible
nature of scientific concepts and is more consistent with
the nature of scientific expertise [44, 52, 53]. Very little
research has been conducted to understand how different
ERs help or hinder access to various disciplinary ways of
knowing [12]. The authors would like to encourage future
research in this area, particularly as institutions adopt
educational approaches that foster experimentation, such
as course-based undergraduate research experiences.

Supporting Student Interpretation of
Representations
Previous research has shown that biochemistry students
struggle with interpreting ERs due to the complex and
abstract nature of the phenomena they are meant to repre-
sent, as well as students’ own lack of content knowledge,
unfamiliarity with symbolism, and limited reasoning skills
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[14, 54]. The CRM model [16] proposes that successful inter-
pretation of an ER requires retrieval of appropriate concep-
tual knowledge (C), recognition of the symbols and icons
present (M), and application of the necessary reasoning
skills (R). In an instructional context, this means students
should receive scaffolding that targets each of these compo-
nents when they encounter unfamiliar ERs.

The findings of this study suggest ways in which instruc-
tors and textbooks might support student interpretation of
ERs. We identified a number of reasoning behaviors employed

by experts which suggest potential actions for instructors
(Table IV), such as using gesture to repeatedly relate ERs of
entities or processes to mathematical equations, or prompting
students to compare features of data representations like line
shape. The identified reasoning behaviors can also inform
activities to help students interpret ERs and/or draw the con-
nections missing in textbooks. We provide specific recommen-
dations for how textbooks might support interpretation of
ERs as well as incorporate research methods in Table V.
We have provided an extensive list of suggestions in these

TABLE III
Examples of potential actions for instructors to incorporate discussion of experimental methods into their teaching.

The actions are listed in no particular order and organized by category for convenience. The highest Bloom’s taxon-

omy level that could be associated with a particular potential action is indicated as a superscript at the end of each

action (1-Knowledge; 2-Understand; 3-Apply; 4-Analyze; 5-Evaluate; 6-Create).

Category Potential actions for instructors

Identifies or describes method or

method purpose

• Describe the goal and desired output of a method2

• Describe how a method modifies a particular system (e.g. slows reaction rate,

changes angles between residues, increases unfolding)3

• Use ERs (e.g. a schematic) to associate the steps of experimental processes with the

research subject/phenomenon4

• When possible, show how seemingly dissimilar methods can achieve similar goals

(e.g. piecing together processes or creating new methods based on principles

underlying other methods)6

Describes treatment variables • Construct multiple ERs/panels to show different treatments/conditions, labeling the

conditions on each2

• Prompt students to identify and compare treatment variables4

• Compare experimental (in vitro, in silico) conditions to cellular (in vivo) conditions5

• Associate changes in treatments/conditions with plot axes2

• Discuss what variables and/or conditions are possible to represent in in silico

models (related to limitations below)6

Describes outcome variables • Provide examples of data, including graphs or plots, relative magnitudes or

estimates of values, etc.

• Explain how data are manipulated to create a “complete picture” of a phenomenon5

• Prompt students to associate data values with ERs representing abstract concepts

(e.g. reaction coordinates, energy level diagrams)3

• Use narratives to frame the types of data collected as part of piecing together a

larger “model” or “story”

Describes method limitations,

error, or limitations in data

representation

• Describe the properties of a phenomenon that make it easier or more difficult to

study5

• Compare two methods to illustrate the limitations and affordances of each5

• Identify approximations or sources of error inherent to a particular method5

• Model evaluation and creation of ERs in terms of communicating data (e.g. compare

“realistic” and “schematic” ERs in terms of accuracy vs. clarity)6

• Discuss data resolution and how to represent resolution6

• Prompt students to evaluate/develop methods given constraints6

Compares data to expectations or

to other work in the field

• Frame the use of specific experimental methods in terms of the information they

provide about a phenomenon5

• Discuss the types of methods and data that have been used to study a

phenomenon2

• Describe what avenues of research have not been pursued or only pursued in a

limited manner2
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two tables, but it would obviously be too challenging to
incorporate all of these simultaneously into one course.
Instead, we suggest that instructors survey the suggested
instructional actions and decide which could be incorpo-
rated as a priority into their classroom as part of their
teaching. As different actions are successfully incorporated,
an instructor can phase in additional actions.

After engaging in simpler reasoning behaviors to estab-
lish the content of ERs, the experts employed more complex
reasoning behaviors as they began to consider the context of
their research. This hierarchy of behaviors aligns with the

idea of lower-order and higher-order cognitive skills as
described by the revised Bloom’s taxonomy [42], and other
tools that describe levels of visual literacy [24, 55, 56]. The
use of seemingly more complex cognitive skills when consid-
ering the surrounding research context may have implica-
tions for structuring the presentation of material and
questions in textbooks and curriculum. In Fig. 6, we provide
an example of how an instructor might ask questions to help
students interpret a fictitious data ER modeled on a figure
from a protein-folding research study. Initial questions could
be used to encourage lower-order skills like identifying states

TABLE IV
Examples of potential actions for instructors to model and/or scaffold interpretation of ERs during instruction. The

actions provided for each category are listed in no particular order. The highest Bloom’s taxonomy level that could

be associated with a particular potential action is indicated as a superscript at the end of each action (1-Knowledge;

2-Understand; 3-Apply; 4-Analyze; 5-Evaluate; 6-Create).

Category Potential actions for instructors

Identify/associate • Point to identify the processes, entities, etc. represented in the ER being discussed

• Point to indicate where entities in ERs “have motion” and use gestures to demonstrate the

type of motion if possible

• When introducing a new ER, prompt students to first identify symbols and icons, then identify

conceptual knowledge about the entities, properties, etc. the symbols are meant to represent2

• Draw or trace a plot to associate its shape with changing properties, processes, etc.3

• Use simple shapes to indicate changes to the entities represented on an ER (e.g. use an “X” to

indicate which residue is mutated)

• Combine gestures with descriptions of processes or two-dimensional symbols (e.g. arrows,

letters) to add structural information or motion

• Point to associate different kinds of ERs, particularly drawings, with mathematical

expressions, terms, and graphs of data

• Combine speech and drawing when introducing ERs with complex, multicomponent states

(i.e. present entities then interactions successively)

Compare • Use different colors and shapes to emphasize or draw attention to significant features of ERs

• Add quantitative and qualitative comparisons directly on ERs (e.g. use arrows of different

lengths to show differences in magnitude)

• Cover up or reveal portions of ERs to support comparison and discussion of hypothetical

situations (e.g. cover TΔS when ignoring the effect of T on ΔG of a system)

• Prompt students to compare the states and properties of the entities represented4

• Prompt students to compare features of data (e.g. line shape, bar height, bar groupings) and

axes on plots4

• Juxtapose ERs to support comparisons

• Compare the components of mathematical expressions and terms4

• Prompt students to predict how modifying a mathematical term affects the expression/outputs

(e.g. will the output be larger? smaller?)5

Order • Combine speech with pointing when walking through the events/steps in a process

• Use different colors and shapes to emphasize or draw attention to events/steps

• Use labels to define events/steps and aid discussion about the order of events

Draw (causal) links • Point to indicate what events or interactions are affecting states or properties when drawing

causal links

• Use arrows to indicate relationship(s) or lack of relationship(s) between ideas or ERs

• Relate mathematical expressions to each other through variables and purpose4

• Describe the relative magnitudes of variables or terms in mathematical equations and relate

their values to mathematical outputs and physical meaning (e.g. “If this term is small, the

overall value will…”)5
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or associating processes with specific mathematical terms
(Table I). These kinds of questions prompt students to decode
symbols and icons, which is the most basic skill of ER interpre-
tation, as well as access pertinent conceptual knowledge [41].

After students have accessed the knowledge needed to
effectively interpret an ER, instructors can pose more com-
plex questions which require students to engage in higher-
order cognitive skills, such as critiquing choice of research
method or estimating experimental outcomes. This requires
that the content presented in textbooks and instruction are
situated within a research context which allows students to

consider experimentation and social significance, like the
experts in this study. Understanding of the practical context is
so fundamental to understanding data ERs that “…students
should not be taught interpretive resources independent of
actual interpretations…” that is, independent of practical
contexts [11].

In summary, we have provided strategies to improve
instruction with biochemical research methods and repre-
sentations, but the question remains: are students being
given the chance to become fluent with representations like
those used by experts in cutting-edge research?

TABLE V
Recommendations for textbooks writers. Recommendations regarding how to incorporate research methods and

support student interpretation of ERs. These recommendations are similar to some of the potential actions listed in

Tables III and IV; however, they are more specific to the organization and composition of text and ERs in textbooks.

Body text/caption

• Identify and refer to the graphical units, symbols, steps, etc. of an ER throughout the associated text (as opposed to a

single reference)

• Identify significant features of numerical or graphical data and describe their meaning; possibly compare the

interpretation to an alternative case

• Associate mathematical expressions, terms, or operations with specific processes, states, interactions, etc., as well as

the behavior of plots

• Prompt horizontal translation by associating different types of ERs which represent the same entities, processes, etc.

(e.g. Lewis structures, ribbon)

• Use narrative to walk the reader through ERs, particularly when discussing multistep processes or drawing links

between steps

• Prompt consideration of multiple ERs simultaneously, highlighting the information provided by each (e.g. the graph

indicates at what concentration the protein begins to unfold, while the protein structure indicates where unfolding first

occurs)

• Whenever a specific experiment or research method is identified, describe the purpose (i.e. what will an experiment

reveal about the phenomenon? Or how will an experiment alter the research subject?)

• Discuss treatment variables and their effect on a phenomenon, especially if they change over time (e.g. protein

denaturation)

• Describe outcome variables for particular methods and/or provide examples of data including exact numerical values,

comparisons of relative magnitudes, and/or qualitative descriptions or comparisons

• Comment on limitations of methods, data, or data ERs when possible

• Indicate uncertainty about phenomena, the limits of current research methods, and/or questions or areas that remain

unexplored

• Associate methods and phenomena with a specific biological or social context wherever possible, particularly when

interpreting data or data ERs, to emphasize the relevance of the phenomenon to students

Representations

• Use proximity to combine different types of ERs (e.g. mathematical formulas, cartoon graphics) to connect mathematical

terms and operations, with cartoons of processes, states, etc.

• Explicitly associate arrows with movement or properties through the use of labels (and refer to them in the text)

• Provide examples of alternative cases of states (e.g. high entropy vs. low entropy) or of data on plots/graphs (e.g. steep

vs. shallow slopes mean…) to facilitate comparison

• For complex or multicomponent systems, use a series of panels to “build up” to the final diagram (i.e. successively

identify entities, then interactions, then discuss properties of the system, etc.)

• If digital material is included with the textbook, create ERs that animate simple movements

• Illustrate how specific experiments or research methods affect or alter the research subject at particulate and

macroscopic (measurable) levels. This is related to what data/outcome variables reveal about a phenomenon.

• Use multiple panels/ERs to compare different treatment variables or treatment over time, labeling each

• Use actual data, in addition to or rather than idealized examples of data
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