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ABSTRACT Research-integrating teaching offers a collective approach to engage
students and researchers in real research questions, introducing them to authentic
problem-solving strategies. In experimental research-integrating teaching, various dif-
ferent data are acquired and often analyzed by using specialized software pro-
grams. However, learning to operate these programs can sometimes divert
attention from the research itself. To keep the focus on the research, we have
developed a Python-based dashboard (PYDA) and implemented it successfully in a
research-integrating course on intrinsically disordered proteins. PYDA simplifies
data analysis by handling experimental data from techniques such as liquid chro-
matography, far-ultraviolet circular dichroism, and fluorescence spectroscopy in a
unified way. Developed in Python by using the Plotly Dash framework and hosted
on Heroku, PYDA allows students to visualize, convert, and analyze data without
extensive prior knowledge of Python. By providing a streamlined, flexible, and cus-
tomizable solution, PYDA enables students to focus on research and hypothesis
development, fostering digitally competent and inquiry-driven problem solvers.
PYDA is supplied with a set of example files that allows the user to test the pro-
gram. These files can be accessed as the last item in the dropdown menu.

KEY WORDS research-integrating teaching; digitization; plotting; protein
science; intrinsically disordered proteins; protein-protein interactions; protein stability;
fitting; circular dichroism; fluorescence; spectroscopy; biochemistry; Python; dashboard

. INTRODUCTION

With increasing demands for inquiry-competent problem solvers in
an ever more digital world, universities are rethinking teaching for-
mats and styles to promote students as active contributors to explor-
ing and solving scientific problems (1, 2). One way to do this is
through research-integrating teaching (RIT) (3). RIT is characterized by
a dynamic relation between the processes of realization of both the
student and the researcher and is centered around a scientific area of
interest to both parties (4, 5).

A critical ingredient of a recently developed RIT-based biophysics
course is the formulation of a scientific question, which is then
addressed by the students through access to various biophysical
methods. By independently testing a self-defined hypothesis, stu-
dents take ownership and ultimately generate a large amount of var-
ied and complex scientific data. As an example, an emerging scientific
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“The IDR of protein X is disordered but folds upon binding to protein Y, which leads to changes in the stability of Y”

@ Isthe IDR folded or disordered and if disordered, what is the secondary structure content (CD, SAXS, NMR)
@ Does the IDR fold-upon-binding when it interacts with a folded binding partner? (CD, FS, NMR, LC)
@ How will phosphorylation change the ensemble properties of the IDR? (CD, SAXS, NMR, FS)

Fig 1. Workflow of the RIT course with use of, among other techniques, circular dichroism, fluorescence spectroscopy, and size-exclusion
chromatography. (Top) Graphical illustration of the workflow of the research-integrating teaching course from selection of the intrinsically
disordered region, purification and hypothesis formulation to data acquisition and analyses. (Bottom) The types of research questions typ-
ically asked are illustrated. NMR, nuclear magnetic resonance; SAXS, small-angle X-ray scattering.

field—the intrinsically disordered proteins—that
encompasses dynamic and cutting-edge scien-
tific advancements was chosen for this study
(6, 7). Together, with a lack of detailed descrip-
tions in most textbooks, the novelty spurs stu-
dents’ curiosity and empowers them to actively
engage in investigation and problem-solving.
This in turn encourages exploration of unan-
swered scientific questions.

In the RIT course, students express and purify
an intrinsically disordered region (IDR) from a
protein that was selected from a list of available
proteins precloned into an Escherichia coli expres-
sion vector. The properties of IDRs differ from
those of globular proteins, which are the primary
focus in biochemistry and structural biology clas-
ses (8). Intrinsically disordered proteins and IDRs
challenge the structure-function paradigm, which
is still often introduced in textbooks (9).

The expression protocols, ensemble proper-
ties, and interactions of the IDRs selected for
use in this course are not published. Therefore,
students must design and execute expression
and purification protocols for their selected IDR
by using standard chromatographic systems.
They then formulate a hypothesis to test. Typi-
cally, students investigate the ensemble prop-
erties of their IDR by using circular dichroism
(CD) spectropolarimetry, nuclear magnetic res-
onance spectroscopy, small-angle x-ray scatter-
ing, and size-exclusion chromatography. They
examine interactions with folded potential
binding partners through the conformational

stability of the partner by using fluorescence
spectroscopy (FS) or other techniques (Fig 1). In
the course, reverse-phase high-pressure liquid
chromatography, CD, and FS were central tech-
niques. Thus, in a typical workflow, students per-
form various analyses, frequently using CD
spectra and measurements of stability using CD
and FS by increasing the temperature or adding
a chemical denaturant.

Visualization and fitting data to known models
are often complex and beyond the capabilities of
freely available software or that accessible through
a university. Additionally, alternative third-party
software solutions are typically expensive and
offer much more functionality than required for
an RIT course. These programs can create barriers
rather than supporting curiosity-driven solutions.
As a result, students may ultimately use free plot-
ting and fitting software or custom scripts, with
which they rarely have experience. These solu-
tions can be overly complicated and may never
be used again, leading to time-consuming pro-
cesses of learning a new software tool and divert-
ing focus from the primary goal of the learning
process. This lack of access to simple data digitali-
zation has hindered the final phase of our RIT
course, limiting research integration and learning
outcomes.

To enhance the research outcomes for bio-
chemistry students, we created an integrated
Python-based Dashboard (PYDA) that seamlessly
became a part of the course. PYDA allowed the
students to visualize and fit their data to a set of
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predefined models without any prior experience
with Python. This freed time for learning and
developing practical and hands-on skills and
allowed students more time to focus on the sci-
ence, which is central for the successful develop-
ment of the students.

Il. RESULTS

A. Development of PYDA

PYDA was developed in Python 3.9.6 with visu-
alization and a dashboard build in Dash from
Plotly (10), which allowed existing Python scripts
to be integrated with little additional code. Dash
is tightly integrated with Plotly’s powerful visuali-
zation package, which allows the user to dynami-
cally interact with the dashboard to zoom, scale,
remove curves or points, and download figures
as scalable vector graphics (SVG), all without hav-
ing to write additional code. All background
manipulation of data was achieved by using a
combination of Pandas (11), NumPy (12), and
SciPy (13). Finally, PYDA is hosted on the cloud
platform Heroku (San Francisco, CA), which
allows students to access PYDA through their
browser of choice via a simple URL. This allevi-
ated any requirements to install Python or other
programs locally on the students’ computers.

B. Implementation

Uploading of the exported files from the dif-
ferent research instruments can be achieved in
PYDA via the web-based interface by using a
web browser of choice. The process is divided
into two steps. First, the type of instrument
(CD, FS, or AKTA go) used is selected in a
drop-down menu, and the “upload file(s)”
button is clicked (Fig 2). Second, the model
that the data should be fit to, if any, is
selected. Here, the students gain access to fea-
tures and models specific for the chosen type
of data; for example, the ability to fit a protein-
folding stability model would be available only
for temperature or denaturant unfolding data-
sets. By presenting the students with only the
options appropriate for their dataset, the time
spent on data processing is reduced.

C. Examples of data visualization
and fitting

1. Liquid chromatography (LC)

LC purification of proteins is conducted on
AKTA go purification systems by using various
columns and buffers. Although the AKTA go sys-
tem provides reasonable visualization software, it
can still be cumbersome to perform basic graphi-
cal manipulations, such as overlaying multiple
chromatograms or filtering displayed elements.
The LC plotter in PYDA offers a solution by allow-
ing users to upload and visualize one or more
chromatograms. This visualization includes key
parameters such as absorption at 280 nm, the
percentage of buffer B, conductivity (mS/cm),
fraction numbers, and, if used, a secondary
wavelength. Additionally, users can easily select
which combinations of data to display (Fig 2).
The integration of Plotly further enhances the
user experience by enabling the ability to zoom
and scale and the option to download results
as SVG files. Overall, this streamlined approach
simplifies the protein purification analysis for
the students.

2. Far-ultraviolet (UV) CD data

Far-UV CD data are recorded on two different
Jasco instruments (J810, J815). Either full CD
spectra at a constant temperature or tempera-
ture unfolding followed at a single wavelength
may be recorded. The instruments measure the
ellipticity in millidegrees (other systems may
report AA or Ag), which needs to be converted
to mean residual ellipticity (MRE; Eq. 1) (14).
This conversion was implemented by using
two input boxes in which students insert the
number of peptide bonds in their protein and
the protein concentration in micromolar units.
In this course, the light path length was fixed
at 1 mm. If other path lengths are needed, they
can be adjusted by using Python scripting. In
PYDA, the CD data are then automatically con-
verted to MRE by ticking the box “Convert to
MRE” (Fig 3a). The second graph on the display
is the dynode voltage of the photomultiplier,
which gives information on saturation. If these
data are not included in the uploaded file, PYDA
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Fig 2. The AKTA plotting interface. Representation providing an overview of the AKTA plotting interface in a Python-based dashboard.
Users can upload their data by clicking the “Select File(s)” button. Elution volumes are depicted with milliliters on the x axis and the
absorbance at 280 nm on the y axis. The second y axis is dynamic and can display either the percentage of buffer B (%B) or absorbance
at a second wavelength, depending on the data available. The legend located to the right of the chromatogram selectively displays data
available in the dataset. The toolbar situated just above the legend offers a range of functions: (left to right) downloading the plot in
.svg format, zooming in or out, panning, auto-scaling, and resetting the axis. The “Menu” option allows the user to choose which type
of data they want to fit (circular dichroism, AKTA, or fluorescence spectroscopy).

will recognize this and display only the CD
spectrum.

For far-UV CD data, PYDA allows users to
upload multiple spectra at once and overlay
them for easy visualization of spectral changes.
These changes may be related to changes in
protein secondary structure induced by an
additive (Fig 3b). If only a single file is
uploaded, PYDA checks whether the data
contains a column with varying temperature.
If so, PYDA changes to the temperature
unfolding mode. In this mode, the change in
ellipticity as a function of temperature can be
fitted to Eq. 2 (Fig 3b). The initial guesses for
the model must be provided by the student.
These include guesses for the linear baseline
effects of the changing temperature on the

native and denatured states, A, + B,*T and
Aq + B4*T, respectively. Additionally, the
changes in entropy, AS, and enthalpy, AH, for
unfolding should be considered.

After fitting, the result is visualized as a dashed
red line together with the experimental data as a
blue line, and the parameters of the fit (including
their standard deviations) are displayed in the leg-
end (Fig 3b). The students can evaluate the fit qual-
ity both visually and by using the R* value and the
standard deviations of the fitted parameters. On the
basis of this evaluation, they can decide whether to
adjust the initial guesses to obtain an improved fit.

3. Fluorescence spectroscopy
Fluorescence emission measurements are
conducted on a Perkin ElImer LS50B instrument.
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A plotter for data from JASCO CD systems
Uploading more than one file will overlay them
Uploading file containing temperature data will allow for fitting of denaturation
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Fig 3. lllustration of the far-UV CD plotting interface in a PYDA. (a) The user can upload one or more files through the “Select file(s)”
button. Uploading one or more files, without a temperature component in the dataset, will overlay the different spectra, displaying the
wavelength, 2, in nanometers on the x axis and ellipticity in millidegrees on the y axis. The ellipticity can be converted by PYDA to mean
residual ellipticity through inputting the protein concentration in micromolar units and the amount of peptide bonds in the appropriate
input boxes. Photomultiplier voltage (reporting on saturation) displayed in the separate graph below the (D spectra is critical for assess-
ing data quality (not shown). The displayed spectra can be chosen by toggling through options presented on the right of the interface.
(b) Temperature unfolding by far-UV CD displayed with temperature in Celsius along the x axis and the measured fixed wavelength on
the y axis. Input for the initial guesses for fitting the temperature unfolding model (Eq. 2) is displayed to the left. Clicking “Fit data” will
optimize to find the best fit; the fit will be displayed in a dashed orange line on top of the data. Parameters of the fit are display in the
legend.
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Often a set of emission spectra will be recorded
as a function of an additive (e.g., denaturant,
ligand, lipids, or reducing agent) depending on
the type of question asked. If a single file is
uploaded to PYDA, it is visualized with the
measured emission wavelength (x axis) and
the corresponding intensities in arbitrary
units (y axis; Fig 4a). If more than one file is
uploaded, PYDA will overlay the spectra, and
a button appears that allows the student to
assign a concentration (or other feature) to
each uploaded file.

Furthermore, it is possible in PYDA to choose
additional ways of visualizing the data. Option
1 plots the emission intensity at a specific
wavelength for all spectra uploaded (Fig 4b).
The wavelength to visualize can be chosen by
the student using a slider, making it easy to
assess which wavelength to follow to maximize
the explored effect. Option 2 plots Amax, the
wavelength at which the individual spectra
exhibit maximum emission intensity (Fig 4c).
The Amax is the population average only if
I[(Amax) is the same for the titrating species.
This is valid only in special cases, which must
be kept in mind. Different datasets will yield a
better result by using option 1 over option 2
and vice versa; this accessible way of visually
exploring both options has helped students
understand their data more in depth and has
enabled them to choose the better option.

Additionally, this visual approach can empower
students to uncover unexpected patterns within
their data. In the presented case, a three-state
unfolding becomes apparent only when plotting
the intensity at a specific wavelength (Fig 4c).
This feature could easily have been missed had
the students plotted only the intensities at Amax
(Fig 4b). Finally, in PYDA, the student has the
option to fit the data to an appropriate model
(ligand binding or protein unfolding). This is com-
pleted by selecting either Eq. 3 (unfolding) or Eq.
4 (binding) by clicking the “fitting” button and
entering initial guesses. The fit will be visualized
as a dotted line together with the data and the
parameters of the fit. The standard deviation of
all parameters will be displayed in the legend, as

Python dashboard for biophysical data

described for far-UV CD. Options to adjust the ini-
tial guesses and reperforming the fit are similarly
available.

D. Student feedback

At the end of the course, students anony-
mously responded to a survey on the usage,
strengths, and limitation of PYDA (Fig 5). The
results showed a general satisfaction with the
ease of use and the effectiveness in time reduc-
tion provided by PYDA. Despite the lower
hands-on time with model fitting, students
generally reported a good to thorough under-
standing of the used models. Less than 10% of
the students found PYDA difficult and ineffective,
although this seemed to have no apparent bear-
ing on their self-reported understanding of the
model. Only 50% of the students reported being
competent in other software, which could have
substituted PYDA. This highlights the consider-
able need for an easy-to-use and effective solu-
tion because more complicated alternatives are
always available. PYDA provides the easy solution.

E. Implementation of PYDA into
other RIT courses

PYDA, with the features described here, is
freely available for use at the Structural Biology
and Nuclear Magnetic Resonance Laboratory
(University of Copenhagen, Denmark, https://
www 1.bio.ku.dk/english/research/bms/sbinlab)
and can be accessed through any browser. The
integration of a dashboard into other RIT-based
courses is directly possible. With the functional-
ities described here, PYDA (code available at
https://github.com/Hebbelstrup/PYDA) can
also easily be modified to include additional or
other types of data or other models for fitting
than described here. The latter necessitates an
initial time investment in developing the dash-
board. Nevertheless, when compared to alter-
native solutions, the skill set required for
creating a dashboard in Dash is relatively mod-
est and can, in RIT courses with a different
focus, even be a student task itself. This would
require at least an intermediate level of profi-
ciency in Python and experience in writing
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Fig 4. Fluorescence spectroscopy plotting interface. (a) The user can upload one or more files through the “Select file(s)”” button.
Uploading one or more files will overlay the spectra with wavelength on the x axis and fluorescence emission intensity in arbitrary units
on the y axis. If multiple spectra are uploaded, a concentration of denaturant or ligand (or other additives) can be assigned by using the
“concentration” button. (b) Clicking the tab labeled “Wavelength” will plot Amax as a function of concentration. (c) Clicking the tab
labeled “Intensity” will plot the intensity at a specific wavelength as a function of concentration. The chosen wavelength is dynamically
adjustable by the slider appearing in the bottom of the screen. Clicking the “Fitting” button prompts the user to input their initial
guesses for either an unfolding model fit (Eq. 3) or a binding model fit (Eq. 4). The best fit is overlayed the data in a dashed orange line;
parameters are displayed in the legend, as illustrated in (b) but also possible for (c).
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Python scripts. Newly developed scripts can
then be integrated into the dashboard with a
modest amount of additional code and tailored
to the precise requirements of individual RIT
courses.

l1l. DISCUSSION

The integration of a Python-based dashboard
into an RIT-based laboratory course was suc-
cessful. According to student evaluations, the
incorporation of a web-based graphic interface
made it easy for them to navigate and use the
tool. PYDA was a significant improvement over
previous years, when students who were unfa-
miliar with Python were supplied with Python
scripts that required Python and relevant pack-
ages to be installed. PYDA significantly reduced
the amount of time each student spent learning
new software. This freed time and mental
resources for students and mentors to focus on
laboratory work and hypothesis development.

As an additional positive outcome, the easy
visualization and modulation of the data pro-
vided the students with insight into the robust-
ness of their data. In some instances, this insight
made the students repeat their experiment
because they were inspired to do better.

A potential downside of the easy access
approach is that students do not develop a
deeper understanding of the underlying data

of total answers. In total, seven groups
of three students answered the survey.
404

w
o
L

N
o
L

Percentage (%)

101

Excel
Matlab
Python

Prism

analysis and models; however, according to the
student survey, this seemed not to be a dominant
effect. All students reported that they obtained a
good to thorough understanding of the models,
despite the obstacles felt by a few students in
using PYDA. The RIT course is not evaluated
guantitatively through an exam; therefore, insight
into model understanding was not quantitatively
assessed. At the final poster session, though, ques-
tions directly testing such insight were asked by
the poster committee. Answers from the students
generally supported the insight that they claimed
in their self-reporting evaluation. To alleviate
potential uncertainty in learning outcomes, a
gated dashboard—in which students can access
certain elements only when they have demon-
strated an understanding of the used func-
tions or the processes underlying them—can
be developed. In this case, students were ade-
quately involved in their projects so that they,
by themselves, acquired the theoretical knowl-
edge needed.

In an increasingly digital world where pro-
gramming and scripting are becoming essen-
tial for learning, a need for activities that lower
the barriers to data digitalization for untrained
students is paramount. These students are typi-
cally following curricula in the biological sci-
ences. With PYDA, the students gained access

Hebbelstrup et al. The Biophysicist 2025; 6(1). DOI: 10.35459/tbp.2024.000260 19

$S900E 98] BIA 0£-80-GZ0Z 18 /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy Wwol) papeojumoc]



Python dashboard for biophysical data

to fitting and data visualization of complex for-
mats with few data repetitions and more than
usual experimental noise. This has transformed
students’ resistance toward data digitalization
and complex data fitting and has empowered
them to explore their data more thoroughly.
This easy accessibility has directly lowered the
barrier for digital learning.

IV. EQUATIONS

Eqg. 1 shows
100 x 6

MRE = ———
LxcxN

(1)

where 0 is the ellipticity, c is the molar concen-
tration of the protein(s), N is the number of
peptide bonds, and L is the light pathlength (in
centimeters) (14).

Eq. 2 is as follows:

(an + By *T) + (ap + Bp *T)

ASD*N(TM) #T — HD*N(TM)
RT
2
ASD—N(TM) # T — HD_N(TM) ()
RT

* exp

1+ exp

where (ay + By * T) is the influence on the
native state (N), (ap + Bp * T) is the influence
on the denatured state (D), T is the tempera-
ture in Kelvin, Ty, is the melting temperature in
Kelvin, ASp_y(r,,) is the change in entropy at Ty,
Hp_n(r,) is the change in enthalpy at Ty, and R
is the gas constant (15).
Eq. 3 shows

m > ([D] — [D]sq)

(fy + a1[D]) + (fp + a2[D]) xexp AT

fobs =
1+ oL D)

(3)

where [D] is the denaturant concentration,
(fv + a;[D]) is the influence of the denatur-
ant on the native state, (fp + ay[D]) is the
influence of the denaturant on the dena-
tured state, [D]sq, is the concentration of
denaturant at which N and D exist in equal
concentrations and AG(D) = 0, m is the

slope in the equilibrium point, T is the tem-
perature in Kelvin, and R is the gas constant
(15).

Finally, Eq. 4 shows

Yr—Yo
2 % [Ptotal]

* ([Ptotal] +Xx+ Kd

Yy = Yo+

— ) (Puotal] + % + Ka)? = 4+ [Pral] )
@

where y, is the fluorescence before titration, y;
is estimated fluorescence at the end of titra-
tion, [Prorar] is the total protein concentration, x
is the concentration of titrated ligand, and K is
the dissociation constant.
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