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ABSTRACT In this article, an approach to teaching molecular biophysics is
described. The organization and course content has been carefully chosen and
curated so that fundamental ideas in molecular biophysics can be taught effectively
to upper classmen in higher education. Three general topic areas are introduced
along with accompanying experiments that illustrate major principles related to
each topic area. This article outlines an approach to organizing chosen course
material and suggests multiple teaching activities within each major topic area:
thermodynamics, kinetics, and structural biology. Subtopics are presented along
with suggested laboratory experiments. The experiments are outlined in a way that
they can be readily adopted by educators teaching a biophysical chemistry lab. The
accompaniment of workshop exercises as an additional teaching modality is a
component of the course intended to enhance the development of important
problem-solving skills and comprehension of new content. Finally, a reflection on
student feedback and course outcomes along with targeted learning goals is
discussed.
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I. INTRODUCTION

Biophysics, the study of the physical principles that underlie bio-
logical processes, is a critical component to biochemistry education at
many institutions of higher education. Like most undergraduate
courses in chemistry, it serves to lay the foundation in the physical
chemistry realm of the core undergraduate curriculum. Biophysical
chemistry is often instructed as both a lecture and laboratory-based
course, the latter focusing mostly on key experimental methods and
instrumentation used by biophysicists. In this article, the instructional
design aspects of teaching biophysics to an undergraduate class is
described along with a set of practical experiments aimed at targeting
the following learning goals: (a) gain a basic understanding of bio-
physical principles used to study biochemical phenomena, (b) gain
practical laboratory skills and familiarity with instrumentation,
including keeping a good notebook, (c) develop technical writing
skills through the completion and evaluation of full-length reports,
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Fig 1. Schematic overview of course design and implementation for undergraduate-level laboratory course in biophysics. The content for
each module is presented over the span of 4 wk beginning with a problem-based learning workshop in week 1 followed by subsequent
experiments in the following 3 wk (weeks 2—4). Groups of students rotate through each of the experiments in weeks 2—4 until all have
completed every experiment in the module. Each module—thermodynamics, kinetics, structural biology, and the workshop—requires a
total of 4 wk to complete. One module is completed before proceeding to the next.

biophysical interest with related laboratory
activities described. The use of workshops is
discussed as a teaching tool focusing on the
organization and implementation of lab activ-
ities rather than specifically on the content. The
laboratory activities should facilitate and direct
the workshop content, and they can be
adapted depending on the planned laboratory
activities. The 3 major topics can be presented
in any way the instructor chooses. This article
brings together experiments sampled from
curricula, such as chemistry and physics, in a
way that combines classic experimental tech-
niques with a unique multimodal instructional
approach that includes modern pedagogical
practices.

Il. SCIENTIFIC AND
PEDAGOGICAL BACKGROUND

Topics in biophysics can vary broadly. To
facilitate the organization and instruction of all
the material, 3 primary teaching activities are
discussed here: workshops, laboratory exercis-
es, and a discovery-based project. All are
intended to help students progress through
the course toward defined learning goals
(above). Workshops and laboratory exercises

are both integral components used to instruct
the material in each major topic area. Partici-
pation and successful completion of these
activities ensures students develop the re-
quired skills, shaped by defined learning goals,
to succeed.

The course is presented in 3 major defined
sections that include modern and traditional
lab experiments. Workshops are used as an
additional teaching activity designed to intro-
duce new topics for each section. The work-
shop activities focus on practicing problem
solving with the use of biophysical principles
presented in a lecture at the beginning of the
workshop, and are synonymous with problem-
based learning exercises. The benefits of
problem-based learning have been studied
and investigated in different curricula since
the 1960s. The workshops combine elements of
many different interactive learning models,
including group-based learning, but here the
benefits of problem-based learning aspects are
emphasized (1).

Figure 1 outlines an overview of the course
design illustrating how the workshops and
experiments are combined to organize the
delivery of course content and ensure that
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important concepts are linked to the relevant
experiments.

A discovery-based project is completed at
the end of the course after the workshops and
laboratory exercises have been completed (not
included in Fig 1). Discovery-based learning is
another form of interactive learning wherein
the teacher or instructor assumes a more
passive role while the responsibility of learning
is shifted to the student (2). As a final
culminating assessment, it serves the purpose
of determining whether students have retained
the knowledge and skills learned throughout
the course and gauges whether they can apply
them to new ideas.

lIl. METHODS
A. Workshops

Workshops begin with a lecture presentation
introducing new topics from all experiments
that will be carried out in the following weeks
(Fig 1). Workshop lectures are similar to the
traditional lecture-based format in which the
experimental procedures are presented and
discussed in detail, including background
theoretical concepts. Data analysis is also
discussed, with examples illustrating how
experimental analyses should be carried out.
After the lecture presentation, the workshop
assignment is distributed and students work
with one another to complete it during the lab
period. The exercises are intended to be
problem-solving group-based activities. Prob-
lems include hypothetical scenarios that re-
quire students to apply the learned concepts to
solve problems successfully. The goal is to
provide an effective way for students to
practice solving theoretical equations and to
teach them how to apply the equations to
problem-based scenarios. The teaching assis-
tant and instructor circulate throughout the
class period providing guidance as students
complete the assignment. By posing certain
questions to students during the class period,
this can further stimulate and facilitate discus-
sions. This practice is consistent with the
inquiry-based student-centered learning model
(3). Exercises include problems and calculations
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that students are expected to apply in their lab
reports. Experimental troubleshooting ques-
tions can be included to encourage students
to think about issues that might arise and how
this can affect their data and interpretation of
results. Workshops are an effective way of
integrating problem-based learning (1, 4, 5).

In this course, workshops are the first
introduction to many of the important con-
cepts required to master the material. They
provide a critical point at which students either
master these concepts or struggle with them.
For those who struggle, the workshops are an
effective way of providing more hands-on
assistance so that by the time students leave
the lab period, they have a sufficient under-
standing. Furthermore, the graded workshop
assignments are returned, providing a refer-
ence for students to revisit and study data
analysis practices so they can incorporate them
into their lab reports the following weeks. In
addition to the workshops presented here,
additional exercises have also been used to
familiarize students with other important skills
that they use throughout the course (e.g., error
analysis and referencing the literature in lab
report writing). Additional workshops are not
described here because they are not directly
related to the biophysical subject matter
presented.

B. Teaching module 1:
thermodynamics

Thermodynamics is the study of energy
between a system and its surroundings. In
biophysics, the system under study is a
biological system such as proteins, whole cells,
lipids, or other biological material. A thermo-
dynamic analysis can be used as a way to study
the types of intramolecular interactions that
can help stabilize a protein if coupled, for
example, to a rigorous amino acid substitution
such as alanine scanning (6, 7). Calorimetry is
one method used to measure energy transfer in
the form of heat released to the surroundings
during combustion, denaturation, and ligand
binding and is used experimentally to deter-
mine thermodynamic parameters of a system.
Spectroscopic methods can also be employed
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to monitor chromogenic shifts in absorption to
track phenomena such as secondary structure
formation of oligonucleotides or solvent expo-
sure of amino acid residues such as tryptophan
and tyrosine, which can be a useful measure to
probe local chemical environments within
proteins (8-11). The following set of experi-
ments uses these methods to investigate the
heat of combustion of foods, the thermody-
namics underlying DNA oligonucleotide hybrid-
ization, and protein denaturation.

1. Bomb calorimetry and differential scanning
calorimetry

In calorimetry, the heat (q) released by a
system to its surroundings as a result of
chemical and physical phenomena is measured
and used to draw conclusions about a system
under study. By measuring this heat exchange,
other thermodynamic properties such as en-
thalpy (AH) and entropy (AS) can be deter-
mined, which ultimately allows one to
determine the properties that are important
in stabilizing or driving the reactions in a given
system and the overall potential of a given
process through the relationship between
these parameters along with free energy AG.
Applied to nutrition, calorimetry can be used to
measure the energy content, kilocalories (Cal-
ories), of different foods. An earlier report of a
similar experiment involved the use of explor-
ing the energy content of pizza to analyze the
nutritional content (12). However, when a
chemically defined food item is used, such as
a sugar cube, the data can be used to compare
and contrast the information reported on a
standard nutrition label. For this experiment, a
standard bomb calorimeter can be used along
with a food sample. The food sample is
carefully situated inside the bomb, which is
sealed, filled with oxygen, and subsequently
placed inside a water bath (at constant
volume). The sample is ignited, and afterwards,
the temperature of the surrounding water
reservoir (surroundings) is monitored until
there is no longer an appreciable change. With
the change in temperature and the known
calorimeter constant, previously determined by
combusting a sample with a known enthalpy
(benzoic acid, —3226 kJ/mol), AH can be

determined (13). This experiment can be carried
out with commercial food samples such as
sugar (sucrose), candies, or other food items
with a sufficient caloric content. For these
experiments, it is recommended that foods
richer in caloric density be used so that a
sufficient temperature change can be observed
and recorded.

From the constant volume conditions de-
scribed above, the following is accepted to be
true,

AUv = (sys (1)

where AU, is the internal energy of the system
at constant volume and g,y is the heat given
off by the system at constant volume. Because
the change in pressure under these conditions
is also considered to be negligible, it can safely
be assumed that the internal energy of the
system is approximately equal to the enthalpy:
AU = AH. In a bomb calorimeter, gy is
measured and thus can be used to calculate
AH on a per mole basis for a chemically defined
food item such as sucrose or on a per mass
basis for artificial foods for which the chemical
content is not specifically defined (e.g., candy).

Because the bomb calorimeter is isolated
from the rest of the universe, the reactants
constitute the entire system, and the rest of the
calorimeter (water bath) is defined as the
surroundings. When combustion takes place,
the heat released g,y is subsequently absorbed
by the surroundings C,, and can be deter-
mined by

Qsys = Csurr X AT (2)

where Cg,,, is the heat capacity of the
surroundings or calorimeter constant, previous-
ly determined with benzoic acid, and AT is the
temperature change of the water bath. If the
range of AT is small (3-5 °C), it can be assumed
that Cy,, is nearly independent of temperature
(14, 15).

Differential scanning calorimetry (DSC) is a
method that can be used to measure the
thermodynamic stability of a protein such as
lysozyme. Lysozyme is a relatively small protein,
14.3 kDa, with a reported temperature transition
peak, T., at approximately 73 °C (the temper-
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ature at which the protein is thermally dena-
tured). The denaturation process for lysozyme is
reversible, making lysozyme highly stable rela-
tive to other proteins and especially well-suited
to this experiment. This lab can be easily
adapted to illustrate how factors such as pH or
salt content can affect the thermal stability of
lysozyme. The experiment and sample prepara-
tion are straightforward when the protein,
mutants, or both are made ready ahead of time,
and the analysis illustrates important thermody-
namic considerations related to protein folding
and unfolding at a specified or experimentally
determined temperature, T,,. From the T, and
the area under the curve (both of which can be
extracted from the software program used to
operate the DSC, e.g., VP-DSC MicroCal (Malvern
Panalytical, Westborough, MA) equipped with
Origin Lab by Malvern Panalytical. other ther-
modynamic parameters can be calculated and
conclusions can be drawn about the relative
stability of lysozyme and related physiological
implications (Fig 2) (16).

A typical DSC melting curve for lysozyme at
pH ~ 5.0 may look similar to Figure 3. Under
these conditions lysozyme exhibits a 2-state
model for unfolding reflected by the morphol-
ogy (width of the temperature transition) and
the number of peaks displayed in the DSC
thermogram (16-18).

At the transition temperature, or T, it can
safely be assumed that [protein,aturedl =
[proteingenatureal; therefore, the denatured pro-
tein is approximately 50% by mole. The free
energy, AG, for the denaturation (u = unfold-
ing) is related to temperature T, enthalpy AH
(area under the curve), and entropy of dena-
turation AS by the equation:

AGS = AHP — TAS? (3)

By Eq. 3, temperature and enthalpy are
known or measured, and entropy can be
calculated at T,,, where AG = 0. The heat
capacity, C,, is defined over a temperature
range and can be expressed as:

Co = (dH/dT), (4)

It is worth noting that the AC, values for the
denaturation of proteins compared with oligo-
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Fig 2. Schematic diagram of a typical DSC thermogram, the
thermodynamic parameters that can be extracted, and their
relationship to one another. Ty, is the melting temperature, and C,
is the heat capacity in the natured (N) and denatured (D) forms of
the protein. AH is the enthalpy of the thermal denaturation process.

nucleotides are distinctly different from one
another (Fig 2). The molecular forces that give
rise to these differences are significant and
should be highlighted.

2. Ultraviolet spectroscopic analysis of DNA
melting

To explore nucleotide interactions and the
interactions that give rise to secondary struc-
ture, one powerful approach is the use of
inherent chromogenic shifts in ultraviolet ab-
sorbance at various temperatures to track the
denaturation of complementary nucleotide
strands. Nucleotides can adopt various second-
ary structures, such as hairpin loops and non-
self-complementary and complementary struc-
tures, to name a few. Compared with their
single-stranded counterparts, double-stranded
DNA and RNA have an attenuated absorbance
intensity at 260 nm, the typical absorbance
wavelength for nucleotides. When applying
heat to double-stranded DNA/RNA, the absor-
bance at 260 nm increases in intensity. This
change can be tracked and used to calculate
thermodynamic properties depending on the
type of predicted secondary structure 2 single-
stranded pieces of DNA can form: self-comple-
mentary versus non-self-complementary
(where [strand A] = [strand B]). The thermody-
namic properties underlying this interaction
can be determined both experimentally and
theoretically. After experimentally determining
the thermodynamic parameters for this pro-
cess, it can be compared by the nearest
neighbor prediction method, which is based
on theoretical calculations established from
previous experiments (19-21). In the lab,
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Fig 3. Figure from a biophysical chemistry lab student report comparing lysozyme denaturation at pH 5 (left) and 7.8 (right). A PyMOL
illustration of lysozyme shows the residues situated at the active site. This comparison illustrates the importance of pH on the
thermodynamic behavior of proteins and how thermal stability of lysozyme can vary depending on conditions. The appearance of a distinct
second temperature transition T, appears in the sample prepared at pH 7.8, compared with a single transition Ty, at pH 5.0.

students work with small complementary DNA
oligonucleotide sequences (heptamers). The
solutions of double-stranded DNA are gradually
heated to denature the 2 strands and the
temperature at which this occurs is recorded by
tracking the change in the absorbance intensity
at 260 nm with a standard benchtop spectro-
photometer equipped with a Peltier tempera-
ture controller. A plot of absorbance versus
temperature can be generated from the raw
absorbance data and the T,, can be used to
determine other thermodynamic parameters
(22-25).

The general equation for free energy is
expressed by

AG® = AH° — TAS® = —RTInKeq  (5)

where R = 1.987 K~ mol™' and K.q represents
the equilibrium constant for the denaturation
process. For self-complementary strands, Ksq =
1/[Ct]. Therefore, when T=T,,, then Koq = Kso =

4/[C] and gives (26):
AH — TWAS = —RT In(4/[Cr])  (6)

Experimental values can subsequently be
compared with theoretical values (27). This
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exercise can also be extrapolated to other types
of DNA strands, adapted to different lengths of
DNA or RNA, and used to show differences in
thermal stability for GC-rich versus AT-rich
strands. Reagents are readily available and can
be easily prepared. Oligonucleotides can also
be commercially synthesized on a milligram
scale from multiple commercial sources (e.g.,
Integrated DNA Technologies, IDT, Eurofins,
Thermo Fisher Scientific).

C. Teaching module 2: kinetics

The second topic area introduced in the
course is kinetics. Here, the binding properties
of different ligands with bovine serum albumin
(BSA) are investigated by a variety of experi-
mental approaches to capture the data. The
principle behind each of the 3 experiments is
similar, as is the data analysis. Students are
exposed to a breadth of experimental tech-
niques with the use of materials that are readily
available and easy to prepare. Students learn
technical skills such as fluorescence and absor-
bance spectroscopy along with size-exclusion
chromatography. A dynamic light scattering
experiment can also be included; however, it is
not discussed in detail (28). The following
sections outline exercises that have been
implemented.

1. Binding kinetics of 8-anilinonaphthalene-1-
sulfonic acid with bovine serum albumin (BSA)

In this exercise, 8-anilinonaphthalene-1-sul-
fonic acid (ANS) is a fluorescent molecule
typically used in biochemistry to assess the
hydrophobic content of a protein. ANS alone
has very weak fluorescence with an emission
maximum Amax Near 500 nm when excited at
380 nm. When ANS binds to BSA, its fluores-
cence increases dramatically and the /,ax shifts
to 470-480 nm. This shift in wavelength and
relative fluorescence intensity can be used to
track ANS binding with BSA by slowly titrating a
solution of BSA into a solution of ANS at a fixed
concentration. The resulting ratio of fluores-
cence signal intensity F, is determined from
measurements of the initial fluorescence signal
intensity F; and final fluorescence signal inten-
sity Fr, which has been corrected (corr) for the
change in volume on adding BSA by incorpo-
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rating F, from the original fluorescence signal
intensity (Eq. 7):

(Fi - FO)corr
(Ff - FO)corr <7)

The equation for a simple binding isotherm,

_ NKa[BSAee] ®)
1+ KA[BSAfree]

can be used to describe the relationship
between the measured fluorescence intensity
and concentration of BSA, where K, is the
association constant for ANS and BSA, N are the
number of binding sites, F, is the ratio of the
corrected fluorescence signal before and after
binding, and [BSA] is the solution concentra-
tion. A graphical representation of the data
allows one to extract K, and determine N.
Furthermore, diagnostic tools such as a Scatch-
ard plot are used to extract even more
information about the nature of binding, such
as cooperativity (negative or positive), and the
nature of the binding sites in BSA (equivalent or
not). Data analysis with a Scatchard plot is
described by Healey (29) along with an
alternative experiment measuring fluorescence
of ligand-DNA binding.

2. Determining binding sites of bromophenol
blue with BSA

A similar approach can be used to determine
the number of binding sites of bromophenol
blue (BB) on BSA. Instead of using a fluores-
cence signal to detect the level of binding, the
absorbance of BB (590 nm) is used to track
ligand binding. Here, the bound ligand, BB, is
physically separated from the free ligand by
size-exclusion chromatography. The BSA-
bound BB complex elutes before the free
ligand with the use of a Sephadex G15 resin
to separate the two after they have been
incubated together for a period of time. By
preparing a series of samples with known
concentrations of BSA and BB at different ratios
with respect to one another, the amount of
ligand bound to BSA can be mathematically
determined and a binding isotherm generated
with the calculated values for bound ligand
versus known quantities of free BB ligand.

F” -

r
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Employing similar principles above, kinetic
parameters can be extracted and the nature
of the ligand-BSA interaction assessed. This
exercise demonstrates the practical importance
of size-exclusion chromatography and its sep-
aration principles while illustrating how binding
kinetics can be used to investigate ligand-
protein binding interactions (30-34).

D. Teaching module 3: structural
biology

In this section, wet lab techniques along with
basic computational methods are used togeth-
er to investigate the theory underlying some
very commonly used experimental approaches
in structural biology: x-ray crystallography and
molecular spectroscopy. Lysozyme is a great
example for these studies because it can be
easily crystallized with minimal equipment and
reagents, and the crystal structure data is
readily available from the RCSB Protein Data
Bank (PDB) for analysis (35, 36). With programs
such as PyMOL (version 2.5, Schrodinger, New
York), key aspects of lysozyme structure can be
analyzed and highlighted. Beta-carotene and
lutein, both molecules with extensive conju-
gated pi systems, can be readily extracted from
food items and their wavelength maxima
determined spectroscopically. The following
describes a set of exercises designed to be
carried out over a 2 to 3-wk period and can
readily be incorporated into the lab course.

1. Crystallizing lysozyme for structural analysis

In this exercise students use the vapor
diffusion method to prepare crystals of lyso-
zyme. Although a number of methods can be
used to prepare high-quality crystals, here
students learn about different parameters that
can affect protein crystal growth and how these
parameters can be tested simultaneously in a
relatively systematic approach. Each group of
students sets up a “crystal box” with a cell
culture plate—24-well plates work well—in
which they can test 24 different conditions to
determine which conditions vyield the best
crystals. Altering parameters such as pH and
salt concentration over a range of values gives
students a chance to generate a multitude of

conditions, all of which can be sampled in their
crystal box (37, 38). In practice, a pH range of
4.3-4.9 has worked best with a sodium acetate
buffer. Salt concentrations can vary from 0.5 to
2.0 M in the reservoir. Protein concentrations
ranging from 20 to 50 mg/mL have been used
successfully. A small quantity, 2-5 pL, of the
prepared protein solutions are then spotted on
the lid of the 24-well plate. These solutions
should match the pH and buffer concentration
of the reservoir, with a higher salt content in
the reservoir. The plate and lid are carefully
sealed and incubated at constant temperature
(21-25 °Q).

After 1-2 wk, the crystals can be evaluated
with a standard benchtop light microscope,
with which students can determine the condi-
tions that produced the best crystals. Lysozyme
crystals can range in morphology and shape. To
differentiate between salt and protein crystals,
subsequent experimentation can be carried out
to verify. Typically, lysozyme crystals are tetrag-
onal, whereas sodium chloride produces cubic
lattice structures (39-42). A simple flame test
can further verify protein from salt crystals,
because salt crystals can withstand the intense
flame of a Bunsen burner when passed through
(43). The exercise is also a great way to get
students to investigate the literature to com-
pare their crystals with what has been reported
and to compare their growth conditions (44).

2. Computational tools to analyze protein
crystal structure

After students have obtained and analyzed
the morphology and physical properties of
crystals from their growth experiment, the next
phase of the exercise encompasses an analysis
by guided approach to begin understanding
the kinds of questions structural biologists
think about when extracting information from
their crystal structure data. If one is fortunate
enough to have access to an x-ray crystallog-
raphy facility, one might be able to generate his
or her own data; however, the use of PyMOL (or
other) and crystal structure data deposited in
the PDB is an alternative approach. In this
exercise, students are introduced to PyMOL and
begin learning how to execute commands to
carry out different functions related to the
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types of questions that concern structural
biologists. Such questions include highlighting
important features of lysozyme structure, such
as its catalytic residues; elements of secondary,
tertiary, and quaternary structure; and the
distances between residues. Although it is easy
enough to spend several class periods learning
the nuances of the program, this exercise is
intended to introduce students to more of its
advanced features to encourage them to
explore more of the capabilities of the program.
Students can download an educational version
of the program, or an institutional site license
can be purchased. Published tutorials are
readily available from which additional exercis-
es can be adapted (45, 46). PyMOL allows
students to explore protein structures at atomic
resolution, providing a platform for a broad
range of possibilities for structural analysis
assignments. Coupled with crystallization tech-
niques at the bench, this exercise approaches
the subject of introductory structural biology,
facilitating reasoning capabilities based on a
previous foundation of biochemical knowledge.

3. A particle-in-a-box approach to studying
interactions of light with matter

This exercise demonstrates how theory in
spectroscopy and experimentation can be used
to solidify the understanding of quantum
theory of subatomic particles.

The use of simple pigment molecules such as
lutein and beta-carotene illustrates this idea.
These 2 compounds can be readily extracted
from vegetables such as spinach and carrots
with a few milliliters of 200-proof ethanol.
Standards are also used to establish the
wavelength maxima for each compound and
to verify that the compounds extracted are in
fact lutein and beta-carotene. Next, a wave-
length scan is carried out, and the An.y is
recorded. The experiment described here is
simplistic and can be carried out without the
aid of a computational math program such as
Maple (Maplesoft, Waterloo, ON, Canada),
although incorporating this type of program
for these problems is encouraged (47).

The value of .« can be obtained in this
experiment and corroborated with theoretical
values calculated with the assistance of the

Instructional design for biophysics

software program, Spartan (version 8.0.6, Wave-
function Inc., Tokyo, Japan) (48-50). With this
program, students can import structure files for
each molecule and then calculate bond lengths
and cumulatively determine the length of the
theoretical “box,” or linear molecule. From the
calculated length L of the box and theoretical
principles of quantum mechanics introduced in
the prelab lecture (workshop, Eq. 9), the
wavelength of light 4 required to initiate an
electron transition An can be determined from
the energy values E calculated for the transi-
tion,

n? —n?)h?
( f8 mLZ) (9)

where n is the quantum energy level occu-
pied by an electron, h is Planck’s constant, L
is the length of the box, and m is the mass of
an electron. Conversely, measurements can
be used to calculate the theoretical box
length of lutein and beta-carotene and be
compared to their calculated values by 4.y
and Eq. 10,

AE =

E=hv=hc/) (10)

where ¢ is the speed of light and v is the
frequency associated with the wavelength of
light absorbed. Several things should become
clear as students work through this exercise.
Molecules do not always behave, in theory,
the way they are often expected to, and
theoretical models are only as good as the
factors used to determine them. Sometimes
other important considerations give rise to
discrepancies in models compared with ex-
perimentally determined values. Other com-
pounds can be readily adapted to this
exercise as well (51).

E. Bringing it all together:
discovery-based learning project

At the end of the course a final discovery-
based learning project is assigned to solidify all
of the concepts introduced and learned
throughout the course. Students are required
to complete these projects independently by
assigning them primary responsibility for their
own work. Where the workshops are intended
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to be a primer that prepares students for the
upcoming laboratory experiments, the discov-
ery-based project serves as a final assessment
and provides a means of examining student
learning outcomes in the course. The discovery-
based project accomplishes this because it
requires students to use the conceptual and
theoretical knowledge acquired from the work-
shops and laboratory experiments to formulate
their own testable hypothesis. Rather than
following a defined procedure, as they do for
the experiments, here they must think about
the steps necessary to test their own hypoth-
esis successfully. This assignment allows the
instructor to determine whether students have
understood the concepts taught and if they can
apply them. Before coming to lab, students
either submit a written procedure for approval
or they write up their own procedure in a lab
notebook. After it is approved, it can be carried
out. Students submit a lab report the same as
before. However, in addition to the analysis,
they compare their results with those that they
previously collected. Again, this exercise dem-
onstrates whether students can apply what
they learned by expanding on concepts intro-
duced earlier in the course. The discovery
aspect of the assignment often means no
control set of data is readily available to which
they compare their results, so new phenomena
may be discovered.

The discovery-based assignment was intro-
duced in Fall 2019 for the first time. The
students selected experiments from a list based
on similar experimental conditions and re-
agents described in the original lab exercises.
For example, in the bomb calorimetry experi-
ments, different food sources were investigated
and the results were compared with the
original results. Another example was the
investigation of other proteins and their
thermal denaturation by DSC. Some students
also chose to investigate different experimental
conditions for the denaturation of lysozyme. At
pH 5.0, the original experimental conditions,
lysozyme exhibits a 2-state unfolding process,
whereas at physiological pH, 7.6-7.8, an addi-
tional transition state T,, appears in the
thermogram (Fig 3). Other proteins such as

catalase, BSA, hemoglobin, and lactate dehy-
drogenase showed markedly different denatur-
ation states on DSC thermograms when
compared with lysozyme (not shown).

After completing the discovery-based learn-
ing project, students submit a lab report the
following week describing their experiments
and comparing their results to those they
obtained from the original experiment. They
are evaluated according to the same criteria as
for their laboratory reports. Figure 4 shows a
sample rubric and provides criteria on the basis
of which students are evaluated in their lab
reports. One alternative to the discovery-based
learning assignment is a mini-research presen-
tation on a biophysical technique that was not
previously introduced in class. Here, topics can
be assigned to groups of students whose
responsibility is to research new and novel
biophysical methods. Each group of students
presents on their topic and their peers evaluate
them. This active learning approach allows for
further introduction to biophysical methods in
a way that engages the whole class and gives
the instructor and students an opportunity to
explore new methods.

IV. RESULTS AND DISCUSSION

An undergraduate-level biophysics lab
course is described along with a course
overview, intended learning objectives, and
teaching considerations related to the design
and implementation of each experiment. The
course curriculum outlined herein organizes
the instruction of the material into 3 distinct
modules. Experiments were chosen for both
their modern relevance in the field and their
ability to illustrate basic core principles. In each
section, techniques and general procedural
overviews are highlighted along with suggest-
ed adaptations. Throughout the course, stu-
dents work together cooperatively in groups of
3 to 5 for most of the experimental exercises
and workshops. This approach to cooperative
group learning has been effective, with all
individuals participating and contributing near-
ly equivalently during the lab and when writing
up their reports.
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Laboratory Report Guidelines and General Grading Rubric (100 points total):

Overall Evaluation (5 points)

*These points are discretionary and can include things like grammar and/or diction in your wniting

Cover Page/Abstract (5 points) (1-2 pages)

- (2 pomnt) A utle page is present at the beginning of the report with title, name, lab partner’s names, date

of the expenment performed

- (2 points) A focused abstract with a statement of what was done and the important results 1s included.

= (1 points) Abstract 1s 150 = 250 words

Introduction (20 points) (2 pages minimum, 3 pages maximum)
- (5 points) The introduction 1s clear, focused, and ordered.
= (5 points) The reader s able to follow and understand all information required for the expenment
= (5 points) In the introduction. all equations, figures, and referencing are numbered and follow the

required formats

= (3 pomnts) The introduction has a clear objectives statement that accurately reflects the purpose of the

lab and a logacal, testable hypothesis.
Experimental Methods (5 points) (1-2 pages)

- (2 ponts) Important equipment, chemucals, etc. are included. This includes the names of manufacturers

and other relevant information

= (3 points) A brief but clear description of the expeniment is given (with schematic if necessary), Thas
information should define the task without unnecessary detail as followed in examples provided

Results (20 points) (2 page minimum, § page maximum)

- (5 points) All required data processing or analysis 1s completed

= (5 points) Figures: All processed data are presented in an organized way, with proper figure number,

captions, and labels

= (5 points) A logacal presentation of results 1s provided with proper linkage to previous relevant tables,

equations and figures in the namratives in this section

= (5 points) In the nxmative of this section, the results are reported with proper units, reasonable
significant figures and uncertainty where appropnate.

Discussion (35 points) (1 page minimum, 4 page maximum)

= (7 points) The discussion includes interpretation of expenimental results with fundamental chemical

pnnciples
= (20 points) Post lab questions
References (S points) (1-2 pages)

- (3 points) A list of references 1s provided after the discussion in the appropniate ACS format
- (2 points) A sufficient number of references have been cited (nmun. 5)

Appendix (5 points) (1+ pages)

- (3 points) Copy of all lab notebook pages (signed by your mstructor or TA) are included

= (2 points) Supplemental results (if applicable). E.g. sample calculations.

Fig 4. Sample grading rubric for student lab reports and independent discovery-based project.

A. Assessment of student success
and learning outcomes

Students are evaluated primarily through
participation in workshops, completion of lab
experiments, and subsequent submission of full
lab reports. Toward this goal, workshops are
intended to provide hands-on guidance for
students as they familiarize themselves with
new concepts through a problem-based learn-
ing teaching methodology. Most students
score well, >85%, on these exercises, provided
they participate and work with their partners in

groups. The primary mode of evaluation of
learning outcomes is through the submission
and grading of full-length laboratory reports. A
detailed grading rubric is outlined in the course
syllabus and requires that all major sections of a
lab report or manuscript be included in the
format (Fig 4). A copy of laboratory notebook
pages is included at the end of the report so
that students can be evaluated on their lab
notebook-keeping skills along with their tech-
nical writing and data analysis abilities. The
discovery-based project is carried out and
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graded in a similar way to a typical lab
experiment. The major difference is that
students work entirely by themselves to devel-
op a working hypothesis and experiment based
on biophysical principles and the experimental
techniques learned earlier in the course. This
exercise is meant to assess students’ ability to
work independently in the lab, generate a
testable hypothesis before coming to lab, and
test that hypothesis during lab with an outlined
and detailed experimental procedure prepared
beforehand and approved by the instructor.
The students collect their data and analyze it in
the same way they did throughout the
semester. The goal is to determine whether
the targeted learning outcomes were met. All
of these skills contribute to the practical
learning outcomes in the course, and the
analysis and lab report demonstrate students’
ability to connect biophysical concepts they
learned in workshops and previous experi-
ments with their own independent project.
The same grading rubric is followed for all lab
reports to maintain consistency and objectivity
in grading.

A look at the aggregated data from student
enrollments beginning in 2017 through 2019
shows the collective grade distribution (Fig 5).
In this course, student success (A-C) correlated
with full participation and completion of
assignments. One advantage of incorporating
different teaching activities is the multiple
modes of assessment that can be used to
evaluate students across a range of learning
styles.

B. Student feedback

On the basis of student feedback from
course evaluations, workshops received a
favorable response, in general. Students found
the workshops and associated lectures to help
introduce and explain the laboratory related
concepts, which is reflected by student com-
ments below. In some cases, students who
scored average on lab reports, 72%-82%, had a
substantial increase in their overall course
performance (final score) with the help of the
workshops. Feedback from students in re-
sponse to the question, “State one or two

50

40

% of students

A AB B BC C

Grades

ChD D F

Fig 5. Aggregated grade distribution of students enrolled in the
biophysical chemistry lab from 2017 through 2019. A total of 62
students were enrolled in the course during this 2-yr period of time
and does not include students who withdrew or were assigned an
incomplete.

items that you liked most about this faculty
member’s handling of the lab” included
statements like, “The workshops were helpful”
and “The prepared slides and workshops that
aided in the understanding of concepts.”

V. CONCLUSION

Biophysics continues to evolve and grow as a
discipline. An undergraduate lab course curric-
ulum in biophysical chemistry is presented with
a breadth of topics that introduces students to
the field of biophysics for the first time. The
nature of the exercises described is intended to
build a proficient base of general knowledge in
the subject through several teaching modali-
ties. The combination of exercises and work-
shop assignments presented in the curriculum
demonstrates what is believed to be an
effective approach to teaching biophysics to a
primarily upper-level undergraduate class. The
novelty of the approach is the combination of
multiple modes of instruction (i.e.,, workshops,
exercises, and independent discovery-based
projects), which provides more than one mode
of content delivery and student evaluation. The
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rationale is that the workshops serve as an
integral part of the instruction, facilitating it as
a standalone course that can be cotaught
either in the same semester as the correspond-
ing biophysics lecture course or in noncoincid-
ing semesters. Either way, student success in
the lab course is not and should not be
dependent on the lecture course. It should be
further highlighted that this work is best
considered for a learning environment where
undergraduate education is the primary mis-
sion of the institution and acknowledge that at
a research institution the learning objectives
may differ.

AUTHOR CONTRIBUTIONS

MDR wrote and edited the manuscript; conceptualized the
collective analysis of workshops, exercises, and experiments
and their roles in biophysics curricula; and carried out
pedagogical assessment and data analysis.

ACKNOWLEDGMENTS

| acknowledge the support of my chemistry colleagues at
Southern lllinois University, Edwardsville, along with the
extended support of colleagues who are active members of
the biophysics community, namely Dr. Mina Sumita and Dr.
Chin-Chuan Wei. | would especially like to thank the students in
my Fall 2019 Biophysical Chemistry class who undertook some
great projects for the discovery-based learning assignment. The
data in Figure 3 was provided by Sebastian Artega, who was a
top student in the class. The author declares no conflict of
interest.

REFERENCES

. De Graaf, E., and A. Kolmos. 2003. Characteristics of problem-based learning. Int J
Eng Educ 19:657-662.

. Huda Nasution, A., E. Surya, and M. Mariani. 2020. Development of discovery
learning tools. Education 8:938-945.

. Conway, C. J. 2014. Effects of guided inquiry versus lecture instruction on final

grade distribution in a one-semester organic and biochemistry course. J Chem

Educ 91:480-483.

Colliver, J. A. 2000. Effectiveness of problem-based learing curricula: research

and theory. Acad Med 75:259-266.

. Wilkerson, L., and W. H. Gijselaers, editors. 1996. Bringing Problem-Based
Learning to Higher Education: Theory and Practice. Jossey-Bass, Hoboken, New

Jersey.

Simonsen, S. M., L. Sando, K. J. Rosengren, C. K. Wang, M. L. Colgrave, N. L. Daly,

and D. J. Craik. 2008. Alanine scanning mutagenesis of the prototypic cyclotide

reveals a cluster of residues essential for bioactivity. J Biol Chem 283:9805-9813.

. Kristensen, C., T. Kjeldsen, F. C. Wiberg, L. Schéffer, M. Hach, S. Havelund, J. Bass,

D. F. Steiner, and A. S. Andersen. 1997. Alanine scanning mutagenesis of insulin. J

Biol Chem 272:12978-12983.

Burstein, E. A., N. S. Vedenkina, and M. N. Ivkova. 1973. Fluorescence and the
location of tryptophan residues in protein molecules. Photochem and Photobiol
18:263-279.

Eisinger, J., and G. Navon. 1969. Fluorescence quenching and isotope effect of

tryptophan. J Chem Phys 50:2069-2077.

—_

N

w

&

w1

o

~

i

o

20.

2

iy

22

23.

24.

25.

26.

27.

28.

29.

30.

3

puiry

32.

33.

34.

Instructional design for biophysics

. Méller, M., and A. Denicola. 2002. Protein tryptophan accessibility studied by

fluorescence quenching. Biochem Mol Biol Educ 30:175-178.

. Moon, C. P., and K. G. Fleming. 2011. Using tryptophan fluorescence to measure

the stability of membrane proteins folded in liposomes. Methods Enzymol
492:189-211.

. Stout, R. P, F. E. Nettleton, and L.M. Price. 1985. Bomb calorimetry: the energy

content of pizza. J Chem Educ. 62:438.

. Akers, S. M., J. L. Conkle, S. N. Thomas, and K. B. Rider. 2006. Determination of the

heat of combustion of biodiesel using bomb calorimetry. A multidisciplinary
undergraduate chemistry experiment. J Chem Educ 83:260.

. Cohen, B. L., and C. A. Schilken. 1994. Calorie content of foods: a laboratory

experiment introducing measuring by calorimeter. J Chem Educ 71:342.

. Knurr, B. J., and J. F. Hauri. 2020. An alternative to recycling: measurement of

combustion enthalpies of plastics via bomb calorimetry. J Chem Educ 97:1465-
1469.

. Blumlein, A., and J. J. McManus. 2013. Reversible and non-reversible thermal

denaturation of lysozyme with varying pH at low ionic strength. Biochim Biophys
Acta — Proteins Proteomics 1834:2064—2070.

. Li-Blatter X., and J. Seelig. 2019. Thermal and chemical unfolding of lysozyme.

Multistate Zimm-Bragg theory versus two-state model. J Phys Chem B
123:10181-10191.

. Clark, C. A., J. J. Schwinefus, N. J. Schaefle, G. W. Muth, and G. L. Miessler. 2008.

Lysozyme thermal denaturation and self-interaction: four integrated thermody-
namic experiments for the physical chemistry laboratory. J Chem Educ 85:117.

. Chen, J. L., A. L. Dishler, S. D. Kennedy, 1. Yildirim, B. Liu, D. H. Turner, and M. J.

Serra. 2012. Testing the nearest neighbor model for canonical RNA base pairs:
revision of GU parameters. Biochemistry 51:3508-22.

Santalucia, J., Jr,, and D. H. Turner. 1997. Measuring the thermodynamics of RNA
secondary structure formation. Biopolymers 44:309-319.

. Mathews, D. H., J. Sabina, M. Zuker, and D. H. Turner. 1999. Expanded sequence

dependence of thermodynamic parameters improves prediction of RNA secondary
structure. J Mol Biol 288:911-940.

Breslauer, K. J. 1995. Extracting thermodynamic data from equilibrium melting
curves for oligonucleotide order-disorder transitions. Method Enzymol 259:221—
242.

Howard, K. P. 2000. Thermodynamics of DNA duplex formation: a biophysical
chemistry laboratory experiment. J Chem Educ 77:1469.

Plum, G. E., Y. W. Park, S. F. Singleton, P. B. Dervan, and K. J. Breslauer. 1990.
Thermodynamic characterization of the stability and the melting behavior of a
DNA triplex: a spectroscopic and calorimetric study. Proc Nat/ Acad Sci U S A
87:9436-9440.

Vesnaver, G., and K. J. Breslauer. 1991. The contribution of DNA single-stranded
order to the thermodynamics of duplex formation. Proc Nat/ Acad Sci U S A
88:3569-3573.

Chem435. Experiment 4. Thermodynamics of DNA duplex. Accessed 2 July 2020.
https://web.nmsu.edu/~snsm/classes/chem435/Lab4/.

Santalucia, J. 1998. A unified view of polymer, dumbbell, and oligonucleotide
DNA nearest-neighbor thermodynamics. Proc Natl Acad Sci U S A 95:1460-1465.
Lopez, 0., M. Cécera, R. Pons, N. Azemar, C. Lopez-Iglesias, E. Wehrli, J. L. Parra,
and A. de la Maza. 1999. Use of a dynamic light scattering technique to study
the kinetics of liposome solubilization by Triton X-100. Langmuir 15(13):4678—
4681.

Healy, E. F. 2007. Quantitative determination of DNA-ligand binding using
fluorescence spectroscopy. J Chem Educ 84:1304.

Cao, W. G, Q. C. Jiao, Y. Fu, L. Chen, and Q. Liu. 2003. Mechanism of the
interaction between bromophenol blue and bovine serum albumin. Spectrosc Lett
36:197-209.

. Naik, D. V., W. L. Paul, R. M. Threatte, and S. G. Schulman. 1975. Fluorometric

determination of drug-protein association constants. Binding of 8-anilino-1-
naphthalenesulfonate by bovine serum albumin. Anal Chem 47:267-270.
Togashi, D. M., and A. G. Ryder. 2008. A fluorescence analysis of ANS bound to
bovine serum albumin: binding properties revisited by using energy transfer. J
Fluoresc 18:519-526.

Wei, Y., K. Li, and S. Tong. 1996. The interaction of bromophenol blue with
proteins in acidic solution. Talanta 43:1-10.

Marty, A., M. Boiret, and M. Deumie. 1986. How to illustrate ligand-protein
binding in a class experiment: an elementary fluorescent assay. J Chem Educ
63:365.

Rieth. The Biophysicist 2021; 2(3). DOI: 10.35459/tbp.2020.000173

53

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-04-04


https://web.nmsu.edu/~snsm/classes/chem435/Lab4/
https://web.nmsu.edu/~snsm/classes/chem435/Lab4/

o

~N

o

jury

w

Instructional design for biophysics

35. Dutta, S., C. Zardecki, D. S. Goodsell, and H. M. Berman. 2010. Promoting a

structural view of biology for varied audiences: an overview of RCSB PDB
resources and experiences. J Appl Crystallogr 43:1224-1229.

Burley, S. K., H. M. Berman, G. J. Kleywegt, J. L. Markley, H. Nakamura, and S.

Velankar. 2017. Protein Data Bank (PDB): the single global macromolecular
structure archive. In Methods in Molecular Biology: Protein Crystallography
Methods and Protocols. A. Wlodawer, Z. Dauter, and M. Jaskolski, editors.
Springer, New York, pp. 627-641.

Sheehan, D., C. 0'Mahony, and M. Coll. 1998. A modification of the hanging drop

method of protein crystallisation suitable for an undergraduate class practical.

Biochem Educ 26:173-175.

. Wilson, L. J,, and F. L. Suddath. 1992. Control of solvent evaporation in hen egg

white lysozyme crystallization. J Cryst Growth 116:414-420.

Nadarajah, A., and M. L. Pusey. 1996. Growth mechanism and morphology of

tetragonal lysozyme crystals. Acta Crystallogr D Biol Crystallogr 52:983-996.

. Pusey, M., and R. Naumann. 1986. Growth kinetics of tetragonal lysozyme crystals.
J Cryst Growth 7:593-599.

. Pusey, M. L, R. S. Snyder, and R. Naumann. 1986. Protein crystal growth. Growth
kinetics for tetragonal lysozyme crystals. J Biol Chem 261:6524-6529.

. Lester, J. E,, and G. A. Somorjai. 1968. Studies of the evaporation mechanism of
sodium chloride single crystals. J Chem Phys 49:2940-2949.

. Raghunathan, K., P. T. Harris, and D. N. Arvidson. 2010. Trial by fire: are the
crystals macromolecules? Acta Crystallogr Sect F Struct Biol Commun 66:615-620.

(=2}

~

o

44. Garrett, E., A. Wehr, R. Hedge, D. L. Roberts, and J. R. Roberts. 2002. A novel and

innovative biochemistry laboratory: crystal growth of hen egg white lysozyme. J
Chem Educ 79:366.

. Lineback, J. E.,, and A. L. Jansma. 2019. PyMOL as an instructional tool to represent

and manipulate the myoglobin/hemoglobin protein system. J Chem Educ
96:2540-2544.

. Skern, T. 2018. An archive and a tool: PDB and PyMOL. In: Exploring Protein

Structure: Principles and Practice. Springer International, Cham, Switzerland. pp.
7-28.

. Beddard, G. S. 2011. Solution of the Schrodinger equation for one-dimensional

anharmonic potentials: an undergraduate computational experiment. J Chem Educ
88:929-931.

. Balija, A. M., and L. A. Morsch. 2019. Inquiry-based IR-spectroscopy activity using

iSpartan or Spartan for introductory-organic-chemistry students. J Chem Educ
96:970-973.

. Hehre W.J., A.J. Shusterman. 2000. Molecular modeling in undergraduate

chemistry education. Wavefunction Inc. https://pages.pomona.edu/~wsteinmetz/
chem156/handouts/Chem99.pdf.

. Csizmar, C. M., D. A. Force, and D. L. Warner. 2012. Examination of bond

properties through infrared spectroscopy and molecular modeling in the general
chemistry laboratory. J Chem Educ 89:379-382.

. Anderson, B. D. 1997. Alternative compounds for the particle in a box experiment.

J Chem Educ 74:985.

Rieth. The Biophysicist 2021; 2(3). DOI: 10.35459/tbp.2020.000173

54

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-04-04


https://pages.pomona.edu/~wsteinmetz/chem156/handouts/Chem99.pdf
https://pages.pomona.edu/~wsteinmetz/chem156/handouts/Chem99.pdf
https://pages.pomona.edu/~wsteinmetz/chem156/handouts/Chem99.pdf

