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Noncovalent interactions determine the thee-dimensional structure of macromolecules and the binding interactions
between molecules. Students struggle to understand noncovalent interactions and how they relate to structure-function

relationships. Additionally, students’ difficulties translating from two-dimensional representations to three-dimensional

representations add another layer of complexity found in macromolecules. Therefore, we developed instructional

resources that use 3D physical models to target student understanding of noncovalent interactions of small molecules and

macromolecules. To this effect, we monitored indicators of knowledge integration as evidenced in student-generated

drawings. Analysis of the drawings revealed that students were able to incorporate relevant conceptual features into their

drawings from different sources as well as present their understanding from different perspectives.

Introduction

Knowledge integration is the process of incorporating new
information into a knowledge base. Such process requires
students to expand their repertoire of ideas through reflection,
linking and reconciling new ideas with their current ideas
(Davis and Linn, 2000). A common understanding of what
knowledge integration entails focuses on consolidating
knowledge from different sources and/or perspectives. Linn
and colleagues have identified four principles of knowledge
integration for science education, which could be used as
guidance in curricular design: making science accessible,
making thinking visible, helping students learn from each
other, and promoting autonomy for lifelong science learning
(Linn, 2006; Linn and Eylon, 2011). From these principles it is
clear that the promotion of knowledge integration requires to
pay attention to the instructional resources and the
appropriate pedagogy. We have developed instructional
resources that address the first three principles in order to
help students build on new ideas and investigate new
problems (Cooper and Oliver-Hoyo, 2017; Digby, 2017). For
example, in order to “make thinking visible” our instructional
resources first involve students manipulating 3D physical
models to make new connections between different
representations followed by the externalization of students’
mental models via learner-generated drawings. Pedagogical
strategies such as collaborative work and scaffolding of
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content are meant to assist students “to learn from each
other”. However, the question of whether or not the use of
these instructional materials provides evidence of knowledge
integration remained unanswered.
Noncovalent interactions are crucial for understanding
biochemistry as intramolecular and intermolecular interactions
are responsible for the structure and function of molecules. A
number of difficulties biochemistry students experience have
been documented including fragmented understanding of the
interactions of potassium ions in an extracellular environment
(Harle and Towns, 2012), understanding noncovalent
interactions and a-helix structure (Villafafie et al., 2011), and
representing the forces responsible for the formation and
stabilization of secondary protein structure (Harle and Towns,
2013). Of note, misconceptions about the forces required to
understand macromolecular structure and function persist
through upper-division courses such as biochemistry (Villafafie
etal., 2011; Villafafie et al., 2016).

Researchers have approached visualization of noncovalent
interactions by using 3D printed models as a tangible way to
view, manipulate, and understand 3D structures of proteins
(Herman et al., 2006), protein folding and protein-protein
interactions (Meyer, 2015), and protein complexes such as a
virus capsid (Larsson and Tibell, 2015). In addition, a set of four
protein models was rated by students as the most helpful tool
for understanding structure-function relationships (Roberts et
al., 2005). More recently, Forbes-Lorman et al. showed that a
3D printed model increases the ability to predict protein
structure-function relationships especially for females (2016).
We have also used 3D printed models as an integral part of our
instructional resources as their use have shown to benefit
students in “making science visible”.

In biochemistry, student generated drawings have been used
to study student understanding of macromolecular structure
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(Kramer et al., 2012; Linenberger and Bretz, 2012; Harle and
Towns, 2013; Abualia et al., 2016). For example, Linenberger
and Bretz synchronized students’ verbal responses with their
drawings using digital pen-and-paper technology to
understand how students visualize enzyme-substrate
interactions from textbook representations (2012) while Harle
and Towns used drawings to understand students’ mental
models about the role of hydrogen bonding in the stabilization
of secondary structures (2013). Kramer et al. showed via
drawings that protein representations with different levels of
structural detail do not lead to cognitive loads in learners
(2012). Instead, learners incorporated more features in their
drawings when instruction contained pictorial representations.
Abualia et al. used drawings as an assessment tool to measure
student understanding of protein folding before and after a
computer modeling laboratory (2016).

We set out to analyze student drawings from five instructional
resources (class activities) consisting of 3D physical models and
guided worksheets used in an introductory biochemistry
course. These resources were designed with the principles of
knowledge integration in mind. In this study, knowledge
integration was monitored in several ways including following
the frequency of representational features or elements
selected by the students, the links students created connecting
features from one activity to another, how students
synthesized understanding of structure-function relationships,
and if there was incorporation of ideas from other sources into
their activity drawings.

Frameworks

The use of student-generated drawings (or sketching) is the
basis for a growing area of research in STEM (Science,
Technology, Engineering, and Math) as all these fields involve
the construction and interpretation of visual representations
to reason about phenomena or to communicate scientific
ideas (Forbus and Ainsworth, 2017). Documented benefits of
student-generated drawings include promoting student
engagement, deepening students’ understanding of
conventions, and allowing students to reason with multiple
representations and to integrate new and existing
understanding (Ainsworth et al., 2011). Thus, drawings have
been recognized as a key element in science education. It has
also been shown that student-generated drawings support
learning from text (Van Meter, 2001; Van Meter et al., 2006)
and diagrams (Waters et al., 2011). For example, student-
generated drawings were shown to promote self-reflection as
students recognized more errors in their drawings than the
students who read text without drawing construction (Van
Meter, 2001). Williams et al. showed that consistent use of
drawings and text by students to explain scientific phenomena
improved scientific understanding of noncovalent interactions
(2015). Furthermore, drawings have also been used as an
assessment tool as they may capture student understanding of
inter- vs intra-molecular forces better that some concept
inventories (Cooper et al., 2015). Lastly, drawings can be used
as a tool to support model-based reasoning when combined
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with other inquiry activities such as making predictions or
supporting a claim (Cooper et al., 2017). These results show
the potential of using student-generated drawings not only to
promote but also to assess student learning.

Due to the benefits associated with student generated
drawings, this study used the Cognitive Model of Drawing
Construction, which describes the cognitive processes involved
in drawing construction (Van Meter and Garner, 2005; Van
Meter and Firetto, 2013). This framework is based on the
externalization of student’s mental models through learner-
generated drawings depicting target concepts. The cognitive
process starts with the selection of elements from external
verbal and visual representations included in the instructional
resources. These selected elements are then organized by the
learner as he/she constructs their mental model. The key part
of the process is the integration, where students combine the
elements from the instructional resources with prior
knowledge. These cognitive processes aid the construction of
the students’ mental model, which is finally externalized as a
drawing. It is implied that in order to construct their drawings,
students would process and integrate visual (i.e. molecular
representations) and non-visual (i.e. guiding questions)
information.

The tenets of knowledge integration parallels the cognitive
processes of our chosen framework. The process of
knowledge integration involves using students’ ideas as a
starting point to guide the learners through articulation,
addition, and sorting of ideas in different contexts, making
connections among the ideas, and developing criteria to
evaluate them (Linn et al., 2006). Notably, these aspects of
knowledge integration are easily connected to the framework
for learner-generated drawings. During each activity students
select external features/elements from representations
(starting point), are required to organize such elements (in
different contexts), and finally combine the elements with
their prior knowledge to externalize their mental model in a
drawing. Therefore, we used students’ drawings as data to
monitor knowledge integration throughout these activities.

Instructional resources

A full description of the activities using 3D printed models of
small molecules and macromolecules has been provided
elsewhere (Cooper and Oliver-Hoyo, 2017; Digby, 2017). Each
activity consists of worksheets that address a specific aspect of
noncovalent interactions and the use of models that support
the tangible exploration of the concepts at hand. Figure 1
shows the 3D printed models used in this study and provides a
brief description of the structure-function relationships and
noncovalent interactions addressed in each activity. All the
models were painted with the electrostatic potential map
coloring to support student understanding of noncovalent
interactions (i.e. hydrogen bonds as well as charge-charge,
dipole-induced dipole, Van der Waals, and hydrophobic
interactions). An example of the representations used in these
activities can be found in Appendix 1 while the enzyme-
substrate activity is in Appendix 2.

This journal is © The Royal Society of Chemistry 20xx
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C) Tertiary structure

20 N-Terminus

Isomaltotriose
Glucose & Ethylciclohexane

-

49 Lauric acid

51 Fig. 1 Physical models and concepts addressed through the activity sequence. A) Hydrogen bonding between methanol molecules but not methanethiol at 30°C. B) The n + 4 rule

52 to fold eight amino acids into an a-helix. The lanyard represents the peptide bonds. C) The tertiary structure of helices 1-3 obtained through noncovalent interactions. The lanyard

53 represents the coils between the helix segments. D) Visualization of conformational change and the role of noncovalent interactions, size, and depth in enzyme-substrate

54 complementarity. E) Aspects of noncovalent interactions regarding the solubility of a membrane protein. The coloring on the models represents the electrostatic potential map of
each molecule.
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This enzyme-substrate activity includes a foam model to
visualize conformational change and a structurally accurate 3D
printed model to investigate binding pocket depth and the
relative size of an enzyme and several substrates. Instructions
to 3D print the enzyme-substrate model can be found in
Appendix 3.

Methodology
Data collection

The activity sequence took place during five recitation sessions
of an introductory biochemistry course for nonmajors at a
large southeastern university. Students worked on the
activities in self-selected groups of 3 to 5 students, however
each student handed individual worksheets for each activity.
For this study, the data consist on answers to drawing
prompted questions that required students to manipulate 3D
printed models in order to generate their drawings (answers).
Students were expected to finish each activity in 50 minutes of
the recitation session, however they were allowed to finish the
drawing portions as homework. The last five minutes of
recitation were allotted for class discussion. The order of the
activity sequence was determined by the order in which the
concepts targeted by the activities were discussed in
class. Fifty-three of the 57 students enrolled in the course
participated in the study. Students were removed from the
study if they didn’t provide written consent to participate in
the study (1), didn’t turn any worksheets (1) or turned only
one, out of five, activity worksheets (2). The number of
students completing each activity was: 52 for small molecule,
53 for secondary structure, 52 for tertiary structure, 45 for
enzyme-substrate, and 50 for membrane protein.

Data and data analysis

Each activity concluded with a drawing prompted question
asking students to synthesize concepts studied in each activity.
These drawing prompts are provided in Table 1. The student
generated drawings represent the data coded in this study.

Individual students’ drawings and associated text were
analyzed using an open coding scheme (Miles et al., 2014). The

Table 1 Drawing prompts from each activity

coding scheme represents the means to systematically
categorize the features or elements students selected to
construct their drawings. Based on our framework, this first
step assumes that students select those features that they
deemed relevant to answer the question at hand. Each activity
introduced at least one specific feature linked to the concept
explored in the activity and it was anticipated that students
would incorporate those features into their drawings.
However, incorporation of such features was not explicitly
prompted in subsequent activities.

As an example, Figure 2 illustrates the coding scheme with a
drawing from the tertiary structure activity. First, electron
density distribution code is assigned since the student
represented electron rich (red), electron poor (blue), and
electron neutral (white) areas of the helix bundle. This student
combined electron density to other features such as different
types of noncovalent interactions and polarity. For example, a)
white/electron neutral regions are connected to Van der
Waals and hydrophobic interactions while red/blue regions are
connected to charge-charge interactions, and b) the student
labels colored regions as either electron rich or electron poor
and connect these labels to polar residues. In this drawing the
student described hydrophobic collapse by writing “charged
(hydrophobic residues) can form hydrogen bond with water”
and “hydrophobic interactions are driving force for making the
3° (structure) stay together”. This represents extension of
ideas as hydrophobic collapse is not discussed in this or any
other activity.

The data management software Dedoose (Dedoose Version
7.6.21, 2017) was used when developing the coding scheme.
The inter-rater reliability (IRR) considered a minimum of 24%
of the data per activity. The percent agreement per activity
was: 83% small molecule, 84% for secondary structure, 86%
for tertiary structure, 85% for enzyme-substrate, and 87% for
membrane protein. To reach an IRR > 80%, a discussion of our
disagreements and analysis of a new data set was necessary
only for the membrane protein activity.

Once drawings were coded, patterns were identified. Four
patterns were deemed relevant as manifestations of

Activity Drawing Prompt

Small molecule

Draw a sample of methanol and a sample of methanethiol molecules at 30°C using the type of representation you
designed on the first page for methanol and a similar new representation for methanethiol. Be sure to include aspects of
what you learned from both the electrostatic potential maps and the physical models.

Secondary structure

Use the important characteristics emphasized so far to construct a new representation of the secondary structure of the
peptide sequence that encompasses all of these features in one representation.

Tertiary structure

Use the important characteristics emphasized so far to construct a new representation of the tertiary structure of the
peptide sequence that encompasses all of these features in one representation.

Enzyme-substrate

with a drawing.

Write a few sentences to explain the principles involved in enzyme-substrate interactions. What features of the active site
determine what substrates can bind the enzyme? Include supporting details from the activity such as electron distribution,
types of interactions, and types of complementarities between the enzyme and the substrate. Support your explanation

Membrane protein

Use the important characteristics emphasized so far to construct a representation of this protein molecule in a biological
membrane that encompasses all these features in one representation.

4| J. Name., 2012, 00, 1-3
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Fig. 2 Drawing example from the tertiary structure activity.

knowledge integration: a) Code frequency — codes appearing
in activities beyond the activity in which the features were
explicitly introduced; b) code co-occurrence — features
linked by students without prompting; c¢) perspectives —
synthesizing understanding from different perspectives; and d)
extension of ideas — concepts not addressed in the activities,
but incorporated by students into their drawings. The most
prominent codes involved in these patterns can be found in
Table 2.

Providing different perspectives is at the heart of what
knowledge integration entails. This aspect emerges when the
entire data set is considered. For example, hydrogen bonding
is presented in the small molecule activity as the area of
attraction between hydrogen and oxygen in methanol (Figure
3A). However, students expanded this confined interaction
within small molecules to interactions within a
macromolecule when they indicated hydrogen bonds are
responsible for the formation of the secondary structure in an
a-helix (Figure 3B). Furthermore, in the tertiary structure and
enzyme-structure  activities, students expanded this
perspective once more to accommodate several types of

two

This journal is © The Royal Society of Chemistry 20xx
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noncovalent interactions indicating those that maintain the
structure of a helix bundle (Figure 3C) or are responsible for
enzyme-substrate interactions (Figure 3D). Lastly, students
changed their perspective when instead of focusing on
different types of noncovalent interactions in the membrane
protein activity, students related electron density to polarity
when determining where each small molecule will interact
with the membrane protein (Figure 3E).

Results and discussion

Open coding of students drawings revealed that: a) a number
of codes were frequently found beyond the introductory
activity, b) students explicitly connected certain codes without
prompting, c¢) students presented certain features in different
perspectives, and d) concepts not discussed in the activities
were incorporated into the drawings. The significance of these
results lies in the fact that these patterns represent
manifestations of knowledge integration.

Code frequency

J. Name., 2013,00,1-3 | 5
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Table 2 Codes involved in knowledge integration patterns per activity

Activity Frequency Co-occurrence Perspectives Extension of ideas ‘
Small Electron density (ED) ED linked to H-B H-B maintain methanol molecules attached Dipole
molecule Hydrogen bonding (H-B) Lewis + Surface + ED to each other at 30°C. illustrations
Lewis representation ED focused between single molecules. Partial charges
Surface representation
Secondary ED ED linked to H-B H-B responsible for the shape of a-helices.
structure H-B ED + helix termini ED extended to the C- and N- terminus in
Helix termini ED + polarity the surface representation of an a-helix.
Lewis representation Lewis + Surface + ED
Surface representation Lewis + ED
Tertiary ED ED linked to multiple types Multiple interactions maintaining tertiary Hydrophobic
structure H-B of noncovalent interaction structure of the bundle. collapse
Helix termini ED + helix termini ED of the C- and N- terminus in the surface
Dipole induced dipole ED + polarity representation of a helix bundle.
Charge-charge Surface + ED
Hydrophobic (and/or Van der
Waals)
Polar areas identified
Surface representation
Enzyme- ED ED linked to H-B, dipole Multiple interactions responsible for Reaction rate
substrate H-B induced & charge to charge enzyme-substrate interactions. Allostery
Dipole induced dipole ED + polarity Substrate
Charge-charge Surface + ED specificity pocket
Polar areas identified
Surface representation
Membrane ED ED + polarity Features that determine solubility of small Lipid bilayer
protein Polar areas identified Surface + ED molecules: ED, polarity, etc. characteristics
Surface representation

The appearance of a particular code beyond the introductory
activity where such feature/element is explicitly addressed
assumes that the student recognizes the relevance of the
feature, deems it important to convey something in the
generated drawing, and incorporates it as knowledge is taking
shape. These processes of selection, sorting, articulation, and
addition are at the core of knowledge integration. As an
example, the code electron density distribution was introduced
in the first activity (small molecule) where 54% of the students
included it in their drawings. By the end of the intervention
(fifth activity) and without explicit prompts, 80% of the
students deemed electron density necessary in conveying their
knowledge in a drawing (Figure 4). This code was assigned
when students used red to highlight electron rich areas and
blue to electron poor areas while leaving electron neutral
areas uncolored (or identified by text) in their drawings.

A significant number of codes were frequently incorporated in
this fashion including those pertaining to specific noncovalent
interactions, polarity labeling, and different features of
molecular representations (Table 2). For example, in Figure 2
the student labeled the regions of the helix bundle that have
noncovalent interactions as Van der Waals and hydrophobic in
the bundle core or charge-charge interactions between
helixes. This student also labeled which regions of the helixes

6 | J. Name., 2012, 00, 1-3

are polar (red/blue) and nonpolar (white). This drawing also
shows the wuse of the surface representation of the
macromolecule instead of depicting a Lewis structure. In other
activities, Lewis representations were chosen instead such as
to depict methanol and methanethiol (Figure 5A) or an a-helix
segment (Figure 5B).

Code co-occurrence

Code co-occurrence refers to instances when students linked

two different features in their drawings. For example, students

used the electron density distribution code in conjunction with
different types of noncovalent interactions as the following
examples show:

e Small molecule: To highlight hydrogen bonds between
methanol molecules (38%) with electron poor hydrogen
(blue) and electron rich oxygen (red). Methanethiol
molecules were drawn with a different coloring scheme
and far apart to indicate that methanethiol is a gas at the
temperature provided in the prompt (Figure 3A).

e Secondary structure: To highlight the hydrogen bonds
within the alpha helix (20%) and to show the N-terminus
as electron poor (blue) and the C-terminus (red) as
electron rich (51%) (Figure 3B).

This journal is © The Royal Society of Chemistry 20xx
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Tertiary structure: To link electron density distribution and
helix termini (17.3%). The electron density and helix
termini code co-occurrence was represented by coloring
the N-terminus blue and the C-terminus red in different
helices (Figure 3C) or the same helix (Figure 6A).
Enzyme-substrate interactions: To link electron density
distribution to different types of noncovalent interactions
in the text portion of their drawings (hydrogen bonds
31%, dipole induced dipole 27%, and charge-charge 53%):
a. “if the active site on the enzyme is partial positive
(low electron density) then the substrate which
would bind to it must be partial negative (rich
electron density). These interactions can be hydrogen
bonding, charge-charge, van der Waals or
hydrophobic interactions.”

A)

Q)

D)

b. “The partial charges on both the substrate and active
site will give way to hydrogen bonds and charge-
charge interactions which will provide sufficient
strength to keep the substrate in place for the
interaction to take place.”

Membrane protein: To explain where smaller molecules
can bind to the membrane protein (56%). Most of the
students matched electron poor to electron rich or
electron neutral regions (Figure 6B). Some students drew
the membrane protein but did not provide an explanation
for the molecule placement such as Figure 6C. Other
students used polarity to describe membrane placement
by assigning polarity labels to the membrane and the
small molecules (Figure 6D).

Fig. 6 Examples of code co-occurrence. A) Student transferred the electron distribution and a-helix termini link to the tertiary structure activity. Pertaining to the
membrane protein activity students’: B) linked molecule placement to electron density distribution, C) provided no explanation for the molecule placement within

the membrane, or D) linked molecule placement to polarity/hydrophobicity.

This journal is © The Royal Society of Chemistry 20xx
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Another prominent connection involved linking electron
density with polarity. The first manifestation of this code was
observed in the secondary structure activity. An example is
included in Figure 7A as a student tries to determine how the
electron distribution of serine relates to the polar classification
of this amino acid. Figure 7B-C shows how students
represented this link in the enzyme-substrate and membrane
protein activities. As the activities progressed, this link became
more prominent (2° structure 2%, 3° structure 4%, enzyme-
substrate 31%, and membrane protein 40%) and refined. For

Chemistry Education Research and Practice

example, students were able to recognize that red/blue areas
represent polar amino acids while white areas represent
neutral amino acids (Figure 2 and 9A).

A different type of code co-occurrence involved the
incorporation of  multiple features from different
representations into one drawing. Instead of coding it as
different code co-occurrence, it was decided to assign a
composite code named representational complexity. It is a
very revealing code and one that deserves some discussion. As
the size of molecules increased through the activity sequence,

» 1\
A (T

“The substrates must have the right
electrostatic density (polarity) and size
to bind to the active site of the enzyme
appropriately.”

Fig. 7 Students connected electron density with polarity. A) Student recognizes the serine side chain is polar although the H atom should have been colored blue (2°
structure activity). B) Student depicts electron density with plus and minus signs showing a positive substrate interacting with a negative active site. Text also stated
this connection (enzyme-substrate activity). C) Glucose shown in the “inside (polar)” membrane pore. Both the pore and glucose were painted with the correct

electron density distribution {(membrane protein activity).

10 | J. Name., 2012, 00, 1-3
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students learned to simplify their drawings yet included
significant details in order to discuss important structure-
function features of the molecules. For example, the small
molecule activity revealed that half the students drew a
composite of multiple features including the Lewis structure,
the surface representation, and the electron density of small
molecules (Figure 8A). As the size of the molecule increased to
eight residues in the secondary structure, fewer students
combined the three features (17%, Figure 8B). Instead, most of
the students simplified the drawing by removing the surface
component and focusing on the Lewis representation of the
side chains (57%, Figure 8C). For the remaining of the activities
students consistently picked the surface and electron density
features as the molecules were too big to include all the side
chains in the Lewis representation: tertiary structure (82%,
Figure 8D), enzyme-substrate {(62%, Figure 8E), and membrane
(74%, Figure 8F). This suggests students are learning to

discriminate (probably prioritizing) among the most relevant
features of the representations that link to the concepts under
study.

Extension of ideas

Certain concepts were not explicitly addressed in the activities
however, students incorporated them into their drawings. This
requires students to make connections to ideas presented or
learned somewhere else. Extension of ideas involves students
expanding their repertoire of concepts and reconciling them
with the concepts at hand. Several examples include:

e Dipole illustrations: students showed dipoles in methanol
and/or methanethiol (Figure 3A). Some students showed
partial positive charge near H atoms and a partial negative
charge near O atoms (Figure 5A).

-uonejuasardal dUO UI SaINYLdy 3s:

Fig. 8 Representational complexity across activities. A) Methanol composite of Lewis, surface, and electron density features (small molecule activity). B) Secondary structure

composite of Lewis, surface, and electron density features or only Lewis and electron density (C). D-F) Surface and electron density features of the helix bundle, enzyme-substrate

interactions, and interactions of small molecules with a membrane protein.

This journal is © The Royal Society of Chemistry 20xx
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e Hydrophobic collapse: students incorporated the
hydrophobic collapse as an important factor in the
attainment of the tertiary structure of the helix bundle in
their drawings. A similar approach to describe this
concept was coded when students illustrated hydrophobic
and Van der Waals interactions in the bundle core while
the polar surface of the bundle interacts with the aqueous
environment (Figure 9A).

e  Enzyme-substrate interactions: a) students included text
explaining factors affecting reaction rates and therefore,
enzyme-substrate interactions (Figure 9B). b) the concept
of allostery represented in drawing and text (Figure 9C). c)
the relevance of the substrate specificity pocket in
enzyme-substrate interactions in light of the active site of
chymotrypsin; a serine protease discussed only during
lecture (Figure 9D).

e Lipid bilayer characteristics: Lipid bilayer was not explicitly
addressed in any of the activities, however half the
students drew the lipid bilayer in the membrane protein
activity drawing. Students indicated the hydrophobicity of

arch-andF

ROYAL SOCIETY

OF CHEMISTRY

the lipid heads and tails (Figure 10A), and incorporated
lauric acid in the lipid bilayer (Figure 10B). However, some
students incorrectly placed the polar head of lauric acid
interacting with the membrane protein while the lipid tail
interacts with the lipid tails of the lipid bilayer {Figure
10C). This shows incomplete understanding of lauric acid
as a glycophospholipid and a failed attempt to integrate
knowledge correctly.

Conclusions

Our instructional materials provided guidance for students to
be able to select and organize relevant features from different
representations and include them into their drawings to
convey important biochemistry concepts. We assume that in
order to successfully accomplish these tasks, students must
have reflected on the content material in order to link, sort,
reconcile, and expand their ideas about noncovalent
interactions. These processes define knowledge integration

A)

“substrates can increase the affinity of other
substrates when they bind to the enzyme”

“The rate of the reaction is
determined by the frequency of
interactions between the enzyme
and substrate, and the correct
positioning of the substrate in the
active site.”

“The proximity effect and the
substrate specificity pocket are both
used to lower the activation energy
and thus accelerate the rate of the
reaction.”

pH is important if ionizable amino
acids “influence the ability of the ES
complex to form”

AcHt 2 T+
A "
% R X

Fig. 9 Examples of extension of ideas A) Student highlights that polar amino acids interact with water. The accompanying text read: “Hydrophobic int. are the driving
force in the bundle (white regions towards inside).” B) Students include factors discussed in class that affect the reaction rate. C) Student reflection about allostery as
represented in drawings and text. D) Drawing of the active site and hydrophobic pocket of a serine protease discussed in class.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 Extension of ideas for the membrane protein activity. A) A membrane protein embedded in a lipid bilayer indicating hydrophilic lipid heads and hydrophobic lipid tails. B)
Representation of the role of lauric acid as a component of the lipid bilayer interacting with hydrophobic regions of the membrane protein. C) Lauric acid misconception; its lipid
tail is not parallel to the other lipid tails within the bilayer.
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and are captured in students’ drawings. Examples provided in

this paper highlight the most prominent ways in which

knowledge integration was manifested in students’ drawings
including:

1. Students selected, organized, and incorporated certain
relevant features into their drawings throughout different
activities. This suggests that students were able to apply
certain features in different contexts. Code frequency
assisted us in monitoring the reappearance of these
features throughout different activities.

2. Certain features were consistently used in drawings but
under different perspectives. For example, the initial view
of hydrogen bonding as a network between methanol
molecules was extended to include hydrogen bonds as
responsible for structural aspects of macromolecules such
as the a-helix twist or the helix bundle formation.

3. Students were able to link different features as code co-
occurrences show. In addition, students learned to
prioritize relevant features and linked them consistently
as in the case of drawing a representational composite.

4. Concepts explicitly addressed in an activity were expected
to be displayed in the drawings. However, additional
concepts were incorporated from other sources. The fact
that students made connections of this type is important,
more so when some of these concepts are quite complex
such as describing allostery or hydrophobic collapse.

The order of our activity sequence was determined by the
instructor of record for the course and our activities were used
to complement and augment lecture content. Once
established, the order of the activities was relevant for this
study to monitor when a concept was introduced, when the
students start to incorporate certain features, and to track
recurring appearances of the features as well as student
connections. We used drawings as a meaningful and effective
mean for students to “articulate” their thoughts in ways that
cannot be captured in text. The most compelling revelation of
this was monitoring how particular concepts were presented
by students in different perspectives and linked to other
concepts as their drawings became more refined with each
activity.

In this study we have been able to demonstrate how student

drawings from our instructional resources

manifestations of knowledge integration including an
increased frequency of features selected by the students, links
connecting features from different activities, how students
synthesized understanding of structure-function relationships,
and incorporation of ideas from other sources. However, we
have previously shown that when used individually, these
activities promote student engagement with minimal
intervention from the instructor (Cooper and Oliver-Hoyo,

2017). Therefore, these instructional resources can be used

individually to address conceptual understanding and

visualization of noncovalent interactions or in a sequence if
the goal involves emphasizing knowledge integration.

reveal
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Appendix 1: Representations used in the activities

Nonpoalar side chains

Methanol Threonine Membrane protein

Fig. 11 Examples of representations used in the activity sequence. A) Lewis and vine
representations used in the secondary structure activity. Similar representations were
used for the three helix segments of the tertiary structure. B) Ribbon representations
showing the nonpolar side chains of a helix bundle (left) and polar side chains of a
membrane protein (right). C) The surface representation of small molecules, amino

acids, and proteins or proteins segments.

Appendix 2: Enzyme-substrate activity

(Pre-recitation work)
Exploring different types of representations

B |

Electron Poor Electron Rich

1. What charge do the colors on the legend above
represent?
Blue
Red
White
2. Usingthe representations provided for the amino acids:
a. Label the atoms of the surface representation of
asparagine.

This journal is © The Royal Society of Chemistry 20xx
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b. What color(s) do you see in the surface
representation for the following atoms:
0
N
C
H

c. Explain why the same atoms may appear as multiple
colors.

3. On the surface representations provided, circle the side
chain of each amino acid.

Representations of Amino Acids

Surface

Isoleucine Threonine

|

Asparagine

Electron Poor Electron Rich

4. Using the legend provided, assign polarity to the side
chain of each amino acid:
Isoleucine

Threonine
Asparagine

5. Describe how you used the legend provided to assign
polarity to each side chain.

6. Imagine threonine and asparagine are part of the active
site of an enzyme. Use the surface representations
provided for each of the following substrates to
determine if each substrate can bind this active site.
Underline the best answer from the parenthesis and
explain your reasoning.

e Glucose (can/cannot) to bind this active site

because :
e Isomaltotriose (can/cannot) to bind this active site
because .
e  FEthylcyclohexane {(can/cannot) to bind this active site
because

This journal is © The Royal Society of Chemistry 20xx
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Part I: Investigating enzyme-substrate interactions with models
Answer the following questions using the legend provided in
the pre-lab and your observations from demonstrations of four
substrates interacting with an enzyme.

Fig. 12 Foam model used for demonstration of enzyme-substrate interactions and
visualization of conformational change. A) The closed enzyme. B) Conformational
change upon interaction with substrate A. C) Comparison of substrates with opposite
electron densities. D) Comparison of substrates with the same electron density and
shape but different size. Same coloring as that used in electrostatic potential maps. We
modified Lau's (2013) model to enhance visualization of a conformational change and a
stronger exploration of areas with different electron densities.

Demonstration 1

a. Using the legend above, why do you think substrate A is
attracted to the binding site?

b. How does the shape of the enzyme compare before and
after interaction with substrate A?

Demonstration 2

a. How do the shapes of substrate A and B compare?

b. In terms of electron density and shape, why do you think
substrate B behaves differently than substrate A?

c. Compare the shape of the enzyme with what happened
during demonstration 1. Provide an explanation for the
observed differences.

J. Name., 2013, 00, 1-3 | 15
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Demonstration 3

a. Do you think substrate C can bind the enzyme without
substrate A? Describe your reasoning based on the
demonstrations observed so far.

b. Compare and contrast substrates C and D. Do you think
substrate D will bind the same active site as substrate C?
Explain your answer.

c. Observe the demonstration for substrate D. Did your
prediction come true? Explain why or why not.

Summarize what you have observed is necessary for enzyme-

substrate interactions.

Part II: Exploring the 3D printed models

The physical model provided shows the active site of an

enzyme.

1. From the three amino acids shown in Part I, which amino
acid(s) is/are present in the active site? How did you
identify the amino acids?

2. Attempt to fit each substrate entirely into the binding
pocket formed by the three amino acids you identified in
the previous question. Which substrate(s) fit? Explain
what makes each substrate fit or not into the pocket.
Glucose
Isomaltotriose
Ethylcyclohexane

3. For each substrate, describe the type of interactions
observed between the substrate and the amino acids in
the binding pocket.

Glucose
Isomaltotriose
Ethylcyclohexane

4. Which substrate best fits into the bonding pocket? Explain
your reasoning.

5. Using velcro, attach the substrate that most likely binds to
the active site.

a. What type of interaction does the velcro represent?
b. Explain where you placed the velcro on each
molecule.

6. Compare the model used in part | with the 3D printed
model.

a.  Which characteristics of each model were most useful for
you when studying enzyme-substrate interactions?

Model of part |
3D printed model

b. What did you observe with the first model that you did
not see with the 3D printed model?

c.  What did you observe with the 3D printed model that you
did not see with the first model?

Appendix 3: Generating 3D printable files for
hexokinase model

The .pdb file for hexokinase | was downloaded from the
Protein Data Bank (PDB: 1dgk). The file was opened in Chimera
(Chimera Version 1.11.2, 2016) where most of the residues

were deleted as well as glucose and the other small molecules.
The remaining residues were: Gly 599 to Gly 630, Ala 653 to

16 | J. Name., 2012, 00, 1-3

Met 687, and Cys 704 to Phe 712. Residues Thr 620, Asn 656,
and Asn 683 were shown as spheres and painted with the
electrostatic electron density map on the 3D printed model.

To overcome the challenge of 3D printing a-helices and B-
sheets, these structures were thickened going to Tools >
Depiction > Ribbon Style Editor in Chimera as suggested by Da
Veiga Beltrame et al. (2017). The parameters used are
specified in Table 2. Next, hydrogens can be added using Tools
> Structure analysis > FindHBond > Include intra-molecule H-
bonds. Additionally, the hydrogen bonds need to be thickened
for 3D printing using Actions > Inspect > Change to
pseudobond and increasing the default radius setting from 0.2
to 0.5. Once all the modifications were finalized in Chimera,
the file was exported as a printable file (.stl). To finalize, it is
important to mention that the mesh generated by Chimera is
not solid due to the addition of the hydrogen bonds. Autodesk
Netfabb (Autodesk Netfabb, 2017) can be used as a mesh
cleaning tool when printing models with hydrogen bonds. To
finalize, the model was printed using Cura LulzBot Edition to
interface with the Lulzbot Mini 3D printer. A scaling factor of 4
was used for each 3D printed model. The parameters used in
Cura LulzBot Edition are a fill density of 25% with 3 brim lines
and support fill of 15% (everywhere).

The .sdf files for the smaller molecules were downloaded from
PubChem; glucose (CID: 79025), isomaltotriose (CID: 439668),
and ethylcyclohexane (CID: 15504). These molecules were 3D
printed using parameters reported elsewhere (Cooper and
Oliver-Hoyo, 2017).

Table 3 Ribbon style editor printing parameters for a-helices and B-sheets

Ribbon Scaling  Width Height

Coil 9 .8
Helix 1.8 .8
Sheet 1.8 .8
Arrow (base) 3 8
Arrow (tip) 1 8
Nucleic 9 .25
Acknowledgements
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