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Abstract

Course-based undergraduate research experiences (CURES) provide an opportunity for students to
engage in experiments with outcomes that are unknown to both the instructor and students. These
experiences allow students and instructors to collaboratively bridge the research laboratory and
classroom, and provide research experiences for a large number of students relative to traditional
individual mentored research. Here, we describe a molecular biology CURE investigating the
impact of clinically relevant mutations found in the bromodomain of the p300 transcriptional
regulator on acetylated histone interaction. In the CURE, students identified missense mutations in
the p300 bromo-domain using the Catalogue of Somatic Mutations in Cancer (COSMIC) database
and hypothesized the effects of the mutation on the acetyl-binding function of the domain. They
cloned and purified the mutated bromodomain and performed peptide pulldown assays to define
its potential to bind to acetylated histones. Upon completion of the course, students showed
increased confidence performing molecular techniques and reported positively on doing a research
project in class. In addition, results generated in the classroom were further validated in the
research laboratory setting thereby providing a new model for faculty to engage in both course-
based and individual undergraduate research experiences.
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Introduction

Histones are nuclear proteins that play a fundamental role in the organization and packaging
of eukaryotic DNA. An octamer of histone proteins (two copies each of H3, H4, H2A, H2B)
wrap ~147 bp of DNA into nucleosomes, where the N- and C-terminal tails protrude out
from the core nucleosome structure. These tails are decorated with a myriad of post-
translational modifications (PTMs), such as acetylation, phosphorylation and methylation.
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Histone PTMs can act as binding platforms for proteins that regulate key cellular processes
including transcription, DNA repair and DNA replication [1]. Currently, there is much
interest in defining how histone PTMs influence both normal development and disease [2—
4]. The cooperative nature of histone PTMs and recruitment of effector proteins that “read”
or bind to these histone PTMs compose a complex and profound regulatory epigenetic
mechanism.

Histone acetylation is a PTM associated with active transcription and serves as a recognition
site for proteins that contain bromodomains. The bromodomain is a conserved acetyl-lysine
binding motif found in 46 human proteins [5]. p300 is a key bromodomain-containing
protein that interacts with at least 400 other proteins to regulate transcription [6] (Fig. 2A).
Its acetyl-transferase domain catalyzes lysine acetylation of histone and non-histone
proteins, which contributes to its role as a transcription coactivator [6-9]. The p300
bromodomain has also been shown to be critical for coactivator function and histone
acetylation /n vitro[9]. In cervical cancer cells, loss of the p300 bromodomain also
compromises the transcriptional effects of p300 [10]. p300 is mutated in a significant
number of endometrial cancers (www.tumorportal.org), but the functional effects of p300
bromodomain mutations have not been explored.

Here, we describe a course-based undergraduate research experience (CURE) exploring
p300 bromodomain mutations in an upper-level undergraduate molecular biology course
(Fig. 1). Undergraduate research experiences have been shown to improve understanding of
science and lab techniques [11], and have been proposed as an important part of the
undergraduate curriculum [12]. Indeed, independent undergraduate research experiences
have been found to improve interest in pursuing a Ph.D. [13, 14] and increase analytic and
technical skills [15, 16]. CUREs allow many students to participate in research in a course
setting and can similarly improve students’ analytical and technical skills [11]. There are
several defining features of CUREs, including the use of scientific practices such as
developing hypotheses, the potential to discover something new, participation in a broader
scientific context, collaboration and iteration [17]. A defining feature of CURES is the
participation in a research question with an outcome that is unknown to both instructor and
student [17]. In addition, CURESs can bridge laboratory research and the classroom to engage
students in experiments and projects that can be directly followed up in a research setting
[18].

In this report, we describe a course module in which students identified and selected p300
bromodomain mutations identified from the Catalogue of Somatic Mutations in Cancer
(COSMIC) database for further functional experiments. Overall, students in the CURE
setting showed signifi-cant gains in confidence performing molecular techniques and
positively reported on the course as a research experience. With hundreds of histone PTM-
binding domains and thousands of cancer genomic sequences, this report provides a
framework to build future CURESs aimed at determining the functional effects of cancer-
relevant mutations on histone PTM binding domains. The students’ results were carefully
validated after the course, demonstrating the transition of research from the course setting to
the research laboratory.
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Course Organization and Assessment

Students performed the experiments described here in BIO4130 Molecular Biology (an
upper-level biology elective) at the University of North Carolina at Pembroke. Sixteen senior
undergraduate students participated in the course, which was a blend of lab work and
lectures consisting of one 75 min and one 115 min session each week for 16 weeks. Students
were required to pass a pre-requisite genetics course (BIO3180 — Principles of Genetics)
prior to enrolling in the course. Throughout the course, students worked in groups of two for
all experiments. During the first seven weeks of the course (Part 1), students learned and
practiced basic molecular biology techniques (i.e., PCR, DNA cloning and SDS-PAGE) to
clone the p300 bromodo-main (amino acids 1020 to 1180) into a protein expression vector
(pGEX) based on a previously published cloning course [19]. The second half of the
semester consisted of the seven week CURE module described in this report (Fig. 1). In
order to efficiently implement this research experience in the classroom, an individual
mentored undergraduate researcher assisted in preparing materials and performing
preliminary and validation experiments.

In order to address three key components of undergraduate science education (critical
thinking, data interpretation, and communication) [20], the course was assessed using in-
class and homework assignments that emphasized the interpretation of primary literature,
exams focused on data analysis and critical thinking, a series of written lab reports and a
final poster presentation. A detailed rubric for the poster is provided in Supporting
Information File 1. Prior to each lab period, students had to prepare lab notebooks and take
an on-line pre-laboratory test. In addition, students completed anonymous preand post-
assessment surveys to assess changes in confidence performing molecular techniques and
interest in pursuing research careers. Surveys were approved by the UNC-Pembroke
Institutional Review Board under protocol #15-01-003.

Student Learning Objectives

The following learning objectives were designed for this CURE module:

1 Utilize cancer genome databases to identify cancer-relevant mutations.

2. Evaluate the effects of amino acid substitutions on protein—protein
interaction.

3. Perform site-directed mutagenesis to create point mutations in a protein
sequence.

4. Communicate findings, discuss pitfalls, and propose future experiments

related to the laboratory project.

Laboratory Materials and Methods

Detailed protocols, including reagent lists and pre-laboratory questions, for each lab period
are provided in Supporting Information File 2.
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Identification of p300 Bromodomain Mutations Using COSMIC

The Catalogue of Somatic Mutations (COSMIC) database is a collection of cancer genome
sequences that can be easily accessed and mined to identify mutations that occur in different
types of cancer [21]. Students watched two video tutorials and completed a worksheet prior
to searching the database for p300 bromodomain mutations in class. To perform the search,
students identified and selected a cancer type in which p300 was found to be significantly
mutated using www.tumorportal.org [22]. Students then used the COSMIC database to
identify missense mutations in the p300 bromodomain that have been found in endome-trial
cancers (see Supporting Information File 2, Week 1).

Site-Directed Mutagenesis

Site-directed mutagenesis was performed using the Quick-Change protocol (Stratagene) as
detailed in Supporting Information File 2, Week 2. Primer sequences for each point mutant
are provided in Supporting Information File 3. The template for the mutagenesis reactions
was pGEX-4T1 containing the p300 bromodomain (residues 1020-1180) cloned into the
EcoR/land Sallsites. Successful mutagenesis was confirmed by sequence analysis.

Protein Purification

Expression vectors were transformed into SoluBL21 competent £. coli cells (Genlantis) for
protein expression and purification. Detailed protocols are provided in Supporting
Information File 2 (Week 3 and 4). In brief, protein purification was performed using the
MagneGST protein purification system (Promega) according to the manufacturer's protocol
with slight modifications. Briefly, pellets were resuspended in lysis buffer supplemented
with 1 mg/mL lysozyme (Sigma) and incubated with gentle rotation at 25°C for 30 min. An
aliquot of the lysate was reserved for coomassie analysis, and the remaining lysate was
added to pre-equilibrated MagneGST particles and incubated at 4°C for 1 hr. Beads were
washed three times and the remaining protein was eluted two times with 150 uL of elution
buffer. Samples of the flow through (supernatant collected after 4°C incubation) and the
combined elutions were analyzed by 10% SDS-PAGE and Bio-Safe coomassie stain
(BioRad) according to the manufacturer's protocol.

Peptide Pulldown Assay and Western Blot

Pull-down assays were performed in peptide binding buffer (PBB) [50mM Tris-HCI pH 8.0,
300mM NacCl, 0.1% NP-40 v/v] based on previously described protocols [23, 24].
Biotinylated peptides (500 pmol) were immobilized on Streptavidin MagneSphere®
Paramagnetic Particles (Promega) for 30 min at 25°C. Peptide sequences are provided in
Supporting Information File 2 (Week 5). Particles were washed twice with 1 mL PBB, and
particles were incubated with 40 pmol of GST protein in PBB + 0.5% bovine serum albumin
(BSA,; Sigma Aldrich) for 1 hr at 4°C. A small aliquot of the input protein solution was
reserved for analysis by western blotting. After three washes with PBB, bound proteins were
eluted by boiling for 5 min in 1x SDS Laemmli buffer. Samples were analyzed for the
presence of the GST-tagged bromodomain using 10% SDS-PAGE and transferred (BioRad
PROTEAN system) to PVDF membrane (BioRad). Membranes were dried and stored at 4°C
for one week. Rehydrated membranes were then incubated in GST antibody (Sigma) for 1 hr
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at 25°C, washed three times with phosphate buffered saline (PBS) + 0.1% Tween-20 and
incubated with HRP-conjugated secondary antibody. The western blotting protocol is
detailed in Supporting Information File 2, Weeks 6 and 7.

Results and Discussion

Identification and Selection of p300 Bromodomain Mutations (Weeks 1-2)

Four mutations found in endometrial cancers were identified using the COSMIC database
(Fig. 2B). In class, these residues were mapped by the instructor to the p300 bromo-domain
structure to stimulate discussion about how they may affect the function of the domain (Fig.
2C). Student pairs selected one mutation to study after developing a hypothesis to predict if
the mutation would affect the structure and function of the domain. Through class
discussion, two aspects of the mutation were decided to be the most important for predicting
if the mutation would affect the function of the domain: 1) a change in the type of amino
acid (hydrophobic to polar, for example); and 2) close proximity to the acetyl-lysine binding
pocket. In the following lab report, students were assessed on their ability to communicate
their hypothesis and the reasoning behind it. Students then designed primers to mutate the
residue and performed site-directed mutagenesis to create the mutant bromodomain.

Protein Purification and Peptide Pulldown Assay (Weeks 3-7)

Students next performed protein purification to isolate the mutated protein domain. Prior to
the purification, students were required to predict what the resulting coomassie after
purification would look like. This helped them understand where the protein was throughout
the purification process and ensured they understood which samples to keep for analysis. In
all cases, protein purification and quantitation was successful (representative data shown in
Fig. 3A). There was some apparent protein degradation, and it may be beneficial to add
additional protease inhibitors in the future. Students successfully quantified the protein and
calculated the amount of protein required for the peptide pulldown experiment.

Peptide pulldown experiments were performed using unmodified or acetylated histone H4 to
assess functional affects of the mutations (Fig. 3B). There are many potential pitfalls with
this assay, but all of the students successfully obtained the elutions. There are several critical
steps in the peptide pulldown assay: 1) equal addition of protein to each tube; 2) careful
washing of the beads after protein binding; 3) elution in equal volumes of SDS buffer. In
order to mitigate potential failures, students made a large solution of protein and aliquoted a
large volume of the mixture to each tube containing magnetic particles. Students were also
carefully shown the proper washing technique and prompted to centrifuge each tube to
collect all liquid before placing it on the magnetic rack to collect the particles. Finally, a
large volume of elution buffer was added to minimize effects of pipetting error.

Overall, all of the groups successfully performed the assay, and representative data are
shown in Fig. 3B. None of the mutations disrupted the interaction with histone H4 peptide
that was acetylated at lysine 5 (H4K5ac, Fig. 3B). Some interaction with unmodified H4
peptide was observed, but this may have been due to technical error during washing. If any
liquid remained in the tube after removing the unbound or wash buffer, some remaining
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unbound protein can be detected in the pulldown elution. One mutation (N1126S) seemed to
strongly increase the interaction with unmodified H4 peptide (Fig. 3B). The interaction
between the mutant p300 bromodomain proteins was then carefully validated by an
undergraduate researcher independently in the research setting using an additional mutant
(N1132A) that disrupts the acetyl interaction [25] (Fig. 3C). Indeed, mutating N1132 to
alanine disrupted the bromodomain interaction with H4K5ac peptide, and two of the mutants
identified in endometrial cancers (E1113V and D1119N) impaired the interaction with
H4K5ac peptide (Fig. 3C). However, N1126S did not show increased interaction with
unmodified H4, as demonstrated by students in the class, thereby suggesting that the binding
observed in the class may likely have been due to improper washing technique. Collectively,
these results suggest that further experiments to assess the binding affinities and coactivator
functions of these mutants are warranted.

Student Gains and Feedback

Learning objectives for the CURE were assessed using exams, lab reports, assignments, and
a final poster presentation. The lab reports and final poster presentation indicated that
students were able to develop a hypothesis and interpret the results of the peptide pulldown
assay. In addition, several students proposed compelling future directions, such as “testing if
two mutations combined would affect the function of the bromodomain” or seeing “if the
mutation affected interaction with other non-histone proteins”.

Students also performed anonymous, ungraded pre- and post-assessments to measure
changes self-identification as a scientist. There were no significant changes in self-
identification as a scientist or future plans to pursue graduate studies or a career in research,
probably because most students already strongly identified as a scientist and researcher (Fig.
4A). However, there were significant gains in confidence performing molecular techniques
that were used in the course (Fig. 4B). PCR, for example, was performed in pre-requisite
labs, so most students already showed some confidence performing this technique. Finally,
students responded favorably in an open ended-response regarding how the research project
affected the experience in the course. Students felt the “project made the experience more
realistic,” “helped me learn to do research, which I haven't really done before,” and the
“research made it easier to understand the rest of the course”.

Conclusions and Future Directions

The CURE described here provides a model for integrating epigenetics research in the
classroom with basic research in the laboratory. Hundreds of histone PTMs have been
detected in cells, and it is still unclear how these modifications function to recruit proteins,
both individually and in combination [26]. Many ‘reader’ domains of histone modifications
have been characterized, including bromodomains, tudor domains and PHD domains [27].
Mutations in reader domains could disrupt the function of a given protein to contribute to
diseases, such as cancer. Given the ease at which researchers and students can access genetic
data from cancers using databases such as COSMIC, we can start to ask questions and
design experiments aimed at testing the effects of cancer mutations on the functions of
epigenetic reader domains. This report provides a template for bringing these research
questions to the classroom, and to allow students to engage in experiments with unknown
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outcomes. The positive feedback and confidence gains documented here demonstrate that
this teaching strategy is an effective way to teach students fundamental molecular biology
techniques and allow a large number of students to experience the thrill of scientific
discovery in a classroom setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Diagram showing the outline of the CURE. In Part 1 of the course, students used molecular

cloning techniques to create a protein expression vector containing the wild-type p300
bromodomain. In Part 2 of the course (described in this report), students identified and

create cancer-relevant mutations and tested the functional effects of these mutations using

peptide pulldown experiments.
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FIG 2.

Structural organization of p300 and bromodomain mutations identified in endometrial
cancers. A) Schematic of the domain organization of p300. The bromodomain (BROMO) is
shown in pink. B) Table of the bromodomain mutations identified in endometrial cancers
using the COSMIC database. C) Crystal structure of the p300 bromodomain [5] showing the
acetyl-lysine binding pocket. Mutated residues are highlighted in pink. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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N1132A

students in the molecular

CURE module. A) Example of student-generated SDS-PAGE and coomassie stain analysis
of protein purification. The elution lane contains the purified GST-p300 bromodomain as
indicated by the red arrow. B) Example of student-generated western blot results from
peptide pulldown experiments performed with the indicated p300 bromodomain mutation.
C) Validation of student generated results in the research laboratory setting showing
negligent effects of the p300 bromodomain mutations on the acetyl-lysine binding function
of the domain. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIG 4.
Assessment of (A) self-identification as a scientist and (B) confidence performing molecular

techniques before and after the CURE course. Students were asked to rate their agreement
with a statement or confidence performing molecular techniques used throughout the CURE
module on a scale of 1t0 5. * p < 0.05, ** p < 0.01 as determined by Chi-square tests.
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