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ABSTRACT

Classroom undergraduate research experiences (CUREs) provide students access to the
measurable benefits of undergraduate research experiences (UREs). Herein, we describe the
implementation and assessment of a novel model for cohesive CUREs focused on central
research themes involving faculty research collaboration across departments. Specifically,
we implemented three collaborative CUREs spanning chemical biology, biochemistry, and
neurobiology that incorporated faculty members’ research interests and revolved around
the central theme of visualizing biological processes like Mycobacterium tuberculosis en-
zyme activity and neural signaling using fluorescent molecules. Each CURE laboratory in-
volved multiple experimental phases and culminated in novel, open-ended, and reiterative
student-driven research projects. Course assessments showed CURE participationincreased
students’ experimental design skills, attitudes and confidence about research, perceived
understanding of the scientific process, and interest in science, technology, engineering,
and mathematics disciplines. More than 75% of CURE students also engaged in independent
scientific research projects, and faculty CURE contributors saw substantial increases in re-
search productivity, including increased undergraduate student involvement and academic
outputs. Our collaborative CUREs demonstrate the advantages of multicourse CUREs for
achieving increased faculty research productivity and traditional CURE-associated student
learning and attitude gains. Our collaborative CURE design represents a novel CURE model
for ongoing laboratory reform that benefits both faculty and students.

INTRODUCTION

Recent high-profile presidential and influential national scientific panels have appealed
for widespread incorporation of novel research experiences into undergraduate labora-
tory curricula and the development of interdisciplinary, collaborative undergraduate
educational opportunities (National Research Council [NRC], 2003; President’s Council
of Advisors on Science and Technology [PCAST], 2012; American Academy of Arts and
Sciences, 2013). One tractable and flexible model for broadly introducing collaborative
research experiences into the science curriculum is classroom undergraduate research
experiences (CUREs; Auchincloss et al., 2014; Corwin et al., 2015). CUREs provide
student populations access to the measurable benefits of undergraduate research expe-
riences (UREs) while balancing faculty, student, and institutional roadblocks to
involvement in UREs (NRC, 2003; PCAST, 2010, 2012; American Association for the
Advancement of Science, 2011; Auchincloss et al., 2014; Corwin et al., 2015; Linn
et al., 2015). CUREs also have multiple confirmed student outcomes, ranging from
direct, course-related outcomes (increased content knowledge, increased analytical
skills, and increased technical skills) to personal and career-related achievements
(increased self-efficacy, external validation, persistence in science, and career clarifica-
tion) (Beck et al., 2014; Corwin et al., 2015; Linn et al., 2015). Importantly, these
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benefits are particularly pronounced in participants from under-
represented groups (Russell et al., 2007; Carter et al., 2009;
Bangera and Brownell, 2014; Linn et al., 2015).

A wide variety of CUREs have been developed and assessed;
these range from large multi-institutional CUREs to single-sec-
tion, single-institution CUREs (Hatfull et al., 2006; Wu, 2013;
Buonaccorsi et al., 2014; Jordan et al., 2014; Lopatto et al.,
2014; Brownell et al., 2015; Corwin et al., 2015; Russell et al.,
2015; Shapiro et al., 2015). The target demographics for CUREs
also vary across the undergraduate spectrum from introductory
major and nonmajors courses to upper-level multisemester
courses (Nadelson et al., 2010; Brownell et al., 2015; Rowe
et al., 2015). High-profile CUREs, including the Science Educa-
tion Alliance Phage Hunters Advancing Genomics and Evolu-
tionary Science (SEA-PHAGES) and the Genomics Education
Partnership (GEP), have been highly successful at linking
together introductory laboratory experiments across multiple
institutions with common experimental procedures and pro-
ducing significant scientific and student benefit outcomes
(Shaffer et al., 2010; Jordan et al., 2014; Lopatto et al., 2014).

Despite the evidence supporting the success of CUREs in
promoting student learning and engagement, challenges to
implementation still exist. Chief among these with regard to
CURE laboratories are the time and energy required for lab
design and implementation, which must be balanced with the
various other responsibilities of faculty who have both research
and teaching obligations (Darden, 2003; Kloser et al., 2011;
Lopatto et al., 2014). Rather than designing a CURE on an
entirely new project with which a faculty member has little
prior experience, incorporating a project that builds on current
work being done in a faculty member’s own research laboratory
has the potential to facilitate research progress for the faculty
member, while also maximizing student learning in the CURE
(Darden, 2003; Kloser et al., 2011; Brownell and Kloser, 2015).
However, despite this call, few reports of courses designed spe-
cifically around faculty research interests have been reported,
and those courses that have been reported focused entirely on
data collection, were multi-institutional network CUREs with
unique challenges from independent CURES, or have yet to be
assessed for their dual effects on both student learning and fac-
ulty research productivity (Nadelson et al., 2010; Kloser et al.,
2011; Ditty et al., 2013; Miller et al., 2013; Lopatto et al., 2014;
Shortlidge et al., 2016).

With the confirmed benefits of CUREs to students and fac-
ulty (Wu, 2013; Auchincloss et al., 2014; Harvey et al., 2014;
Corwin et al., 2015), a limited number of institutions have
begun to develop CURE programs that span multiple courses
or even an entire curriculum (Knutson et al., 2010a,b; Russell
et al., 2015; Shapiro et al., 2015; Sanders et al., 2016). These
larger-scale CUREs provide tractable models of modern, col-
laborative science and move toward the complex, interdisci-
plinary nature of scientific investigation. For example, an inte-
grated CURE-based curriculum was recently described that
jointly studied insect biodiversity across a sophomore-level
cell biology course and a junior-level ecology course, with
sharing of resources, results, and learning outcomes to pro-
duce significant student benefits and novel research products
(Russell et al., 2015). The competency-based research labora-
tory curriculum (CRLC) at the University of California, Los
Angeles (UCLA), also provided divergent CUREs or appren-
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tice-based research experiences (AREs) to every student
across the curriculum (Shapiro et al., 2015; Sanders et al.,
2016). These separate CURE and ARE tracks produced similar
student outcomes for each curriculum, with the CURE track
proving particularly effective in reducing the achievement gap
between high- and low-performing students (Shapiro et al.,
2015). The four upper-division CUREs in CRLC spanned the
biology curriculum, from courses in microbiology to plant—
microbe ecology, and shared common student learning out-
comes, but had divergent research goals (Sanders et al.,
2016). At institutions with significant research and teaching
requirements, further development of such interdisciplinary
and collaborative CUREs could assist faculty in simultane-
ously engaging in innovative teaching and research in a man-
ner that minimizes time and resource barriers while maximiz-
ing faculty productivity and student learning benefits.

Herein, we describe the implementation of a novel set of
three upper-division CURE laboratories that incorporate collab-
orative faculty research across multiple departments spanning
the scientific disciplines of chemical biology, biochemistry, and
neurobiology. These courses engaged students in novel scien-
tific research questions involving the development and use of
fluorescence detection tools to investigate various aspects of
Mycobacterium tuberculosis infection or neural signaling (cur-
rent research topics investigated by the faculty running these
courses) and produced significant publishable and presentable
research outcomes. Building on previous cross-curricular CURE
models, our multi-CURE design is the first CURE model focused
on the collaborative integration of faculty research projects
across departmental and disciplinary boundaries into a series of
CURESs.

We set the following five scientific and pedagogical goals for
successful implementation of our collaborative CURE curricu-
lum: 1) generate novel scientific data related to bacterial serine
hydrolases and neuronal signaling; 2) develop students’ exper-
imental design and data analysis skills; 3) promote positive stu-
dent attitudes about science and perceptions of learning gains;
4) promote student retention in science, technology, engineer-
ing, and mathematics (STEM) disciplines; and 5) promote fac-
ulty research productivity. On the basis of faculty, student, and
scientific outcomes, we think that this collaborative CURE
model, which incorporates interdisciplinary faculty research
interests, provides a general outline for bridging faculty teach-
ing and research expectations while maintaining strong student
learning outcomes.

METHODS

Context

The collaborative series of three CUREs included a new labora-
tory course in chemical biology (CHEMBIO), a revised labora-
tory course in biochemistry (BIOCHEM), and the laboratory
component of a new lecture plus laboratory course in neurobi-
ology (NEURO) at Butler University, a primarily undergraduate
institution in Indianapolis, Indiana. All three CURES were elec-
tive courses within their respective majors; NEURO also was a
required course in a recently developed neuroscience minor.
Thus, students largely self-selected into these courses. Each
course ran three times between the Fall of 2012 and the Spring
of 2015 and was tailored toward upper-level science students
and small class sizes (eight to 16 students).
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FIGURE 1. Overview of experimental theme, faculty and student
assessment strategy, and student progression through CHEMBIO,
BIOCHEM, and NEURO. (A) Collaborative experimental goals:
CHEMBIO and BIOCHEM (offered through the Department of
Chemistry) and NEURO (offered through the Department of
Biological Sciences) laboratories revolved around the central
theme of visualizing biological processes like M. tuberculosis
enzyme activity and neural signaling using fluorescent molecules.
In this collaborative design, CHEMBIO synthesized bis-acyl-
oxymethyl ether derivatives of fluorescein and BIOCHEM and
NEURO tested different biological applications of these fluorogen-
ic compounds. Although the fluorophores were impermeable to
the C. elegans cuticle and were not fully integrated into NEURO (as
reflected by the dashed arrow), NEURO used traditional fluores-
cence methods in combination with RNAi methods to test the role
of specific enzymes in controlling neural signaling. (B) Parallel
faculty and student assessments: As each CURE followed a similar
course design (see Table 1), parallel assessments were used to
assess student learning of specific course content and common
outcomes for both faculty and students. Goals are numbered to
match our five goals. Goal 1 was to “generate novel data related to
bacterial serine hydrolases and neuronal signaling” and is reflected
by the schematic in A. (C) Variable student progression: While the
experimental goals were collaborative, each of the three CUREs
was a stand-alone course designed to provide similar experimental
training—related outcomes for students. Thus, while students were
able to take any or all of the three CUREs for which they met the
prerequisites (shown in the lower boxes) and some students
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Collaborative Series of CUREs

Participants

Participating in each course were junior- and senior-level biol-
ogy, chemistry, and psychology students (Supplemental Table
S1). Prerequisites included two semesters of organic chemistry
(lecture plus lab) for CHEMBIO, one semester of biochemistry
lecture and analytical chemistry (lecture plus lab) for BIO-
CHEM, and one semester of lecture plus lab courses in genetics
and cell and molecular biology for NEURO (Figure 1C).
Beyond these prerequisites, students self-selected into these
courses and were able, but not required, to take all three
courses. No CURE was a prerequisite for any other course. Fif-
teen of the 46 total students (34%) enrolled in either CHEM-
BIO or BIOCHEM took both courses; however, there was no
overlap between the students in either of these courses with
the students who took NEURO. No students were enrolled
simultaneously in more than one CURE. Course instructors
were full-time tenure-track faculty in the departments of
chemistry (CHEMBIO, BIOCHEM; G.C.H. and R.J.J.) and bio-
logical sciences (NEURO; J.R.K.). Each of the two chemistry
faculty members (G.C.H. and R.J.J.) taught CHEMBIO and
BIOCHEM at least once. The same faculty member in biologi-
cal sciences taught all three iterations of NEURO (J.R.K.). At
the time the courses were taught, one faculty member in
chemistry was tenured (G.C.H.), while the other two faculty
members were untenured (J.R.K. and R.J.J.). All had active
research programs related to the areas being investigated in
the CURESs; research is a requirement for tenure at Butler.

Curriculum Design

Our three CUREs met the accepted definition of CUREs and
were designed to have collaborative experimental goals and
parallel course assessments but to allow for variable student
progression (Figures 1 and 2; Table 1; Auchincloss et al., 2014).
Each CURE transitioned students from initial experiments based
on questions and procedures provided by the instructors to
independent projects in which students selected the questions
and designed the experiments. In these laboratories, students
investigated globally relevant scientific research questions that
developed interdisciplinary, collaborative faculty research
interests. The collaborative experimental goals included the
development and use of a class of biological imaging agents
known as fluorogenic hydrolase substrates to characterize the
activity of a class of enzymes known as serine hydrolases from
M. tuberculosis (TB) and to investigate the molecular control of
neuronal signaling in Caenorhabditis elegans (Lavis and Raines,
2008; Long and Cravatt, 2011; Dedieu et al., 2013). Specifi-
cally, students synthesized the fluorogenic substrates in CHEM-
BIO, used these imaging agents to catalogue the substrate spec-
ificity of serine hydrolases from TB in BIOCHEM (Johnson
et al., 2014a,b; Lukowski et al., 2014), and initially tried to
combine the products of the two labs to screen for new compo-
nents of neuronal signaling in C. elegans in NEURO (Figure 1A).

progressed from CHEMBIO to BIOCHEM, only a few students who
took BIOCHEM later took CHEMBIO, and no students took NEURO
and CHEMBIO or BIOCHEM. The width of the arrows represents
the relative student movement between courses, with the “X"
indicating the lack of cross-movement between NEURO and the
other two courses.
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FIGURE 2. Sample student data from each CURE. (A) CHEMBIO sample synthetic data (phase I). Students completed a three-step synthesis
of bis-acyloxymethyl ethers from fluorescein with an S, 2 reaction (Figure 1A). Shown is the *H-NMR spectrum for the ethylthiopropanyl
derivative. Students also characterized their products by high-resolution MS and *H-NMR/*C-NMR/IR spectroscopy. (B and C) CHEMBIO
independent project results (phase 2). (B) Overall catalytic efficiency of six student-synthesized fluorogenic substrates against four
different serine hydrolases (blue: pig liver esterase control; red: Rv0045c from M. tuberculosis; green: LipW from M. marinum; purple:
FTT0258 from Francisella tularensis). (C) Chemical stability of student-synthesized fluorogenic substrate measured over 16 h from pH 1.65
to pH 11. (D) BIOCHEM combined student data (phase 1). A three-dimensional depiction of the binding pocket of the Rv0045c serine
hydrolase from M. tuberculosis (PDB: 3P2M). Each of the residues shown in the ball-and stick-representation was individually substituted
to alanine by different BIOCHEM students, and kinetic data from BIOCHEM students’ purified proteins were combined to create a coherent
story for the overall course (Lukowski et al., 2014). (E and F) BIOCHEM phase 2 independent project results. (E) Overall catalytic efficiency
of student-purified LipN from M. ulcerans measured across a range of pH values using a fluorogenic hydrolase substrate. (F) Decrease in
the thermal stability of Rv0045c from M. tuberculosis dependent on increased concentrations of cobalt. (G) NEURO sample RNAi screen
data (phase 1). Knockdown of ubiquitin ligase genes (genes 1 and 2) alters synaptobrevin::GFP localization and abundance in cholinergic
motor neurons of young adult C. elegans worms (L4440 = negative control). (H and 1) NEURO independent project results (phase 2).

(H) Results of a thrashing assay performed on animals treated with RNAi targeting each of the two genes in G, unc-47, which is involved in
inhibitory GABA release, and snb-1, which regulates synaptic vesicle release in all neurons (n 2 10 animals per treatment; Student's t test vs.
L4440 controls: *, p < 0.01; **, p < 0.00001). (I) Results of cholinergic motor neuron cell body counts performed on animals treated with
RNAi targeting gene 3, which exhibited decreased density of synaptobrevin::GFP-labeled cholinergic synapses in the phase 1 RNAi screen
(unpublished data). Images show representative ventral nerve cords and cell bodies; graphs depict average neuron counts (control L4440
[n = 8] or gene 3 [n = 16]; Student'’s t test vs. L4440 controls: **, p < 0.00001). Error bars show + SD of the mean for each measurement.

Although the initial goal of having NEURO students use the
newly characterized hydrolase—fluorophore substrate pairs as
imaging tools to investigate neuronal signaling was limited by
the permeability of the fluorophores to the C. elegans nervous
system (Tian et al., 2012), NEURO maintained similar method-
ologies and overlapping pedagogical design and goals. CHEM-
BIO and BIOCHEM maintained the common scientific theme
and shared research products (Figure 1A).
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While students in each CURE worked independently to
tackle aspects of these interdisciplinary scientific questions,
cross-communication occurred at interdepartmental poster ses-
sions. Student and faculty outcomes from each CURE were ana-
lyzed using parallel assessment rubrics to reinforce the expected
student, faculty, and scientific benefits of the CUREs (Figure
1B). Unlike other collaborative course designs, the curricular
structure of these three collaborative, interdisciplinary CUREs
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TABLE 1. Parallel course structures of the three laboratory courses

Collaborative Series of CUREs

CHEMBIO

BIOCHEM

NEURO

Phase 1

Synthetic design (1-2)

Choose synthetic target compounds
and starting materials

Synthesis (3-5)

Optimize reaction and chromatography
purification conditions

Chemical characterization (7-9)

Choose NMR/IR conditions; collect spectra;
prepare MS samples

Phase 2

Independent projects (10-13)

Develop hypothesis; design experiments;
prepare reagents; analyze results

Molecular biology (1-4)

model

Poster presentation (14) Poster presentation (14)

Design mutations; design primers; molecular

Protein purification (5-6)
Choose buffers; choose induction conditions

Protein characterization (7-9)
Choose kinetic substrate; choose temperatures

Independent projects (10-13)
Develop hypothesis; design experiments;
prepare reagents; analyze results

C. elegans training/gene selection (1-2)

Practice C. elegans picking and maintenance;
select RNAI genes

RNAI protocol design (3-5)

Plan/optimize RNAI treatment protocol;
microscopy training

RNAi microscopy screen (6-9)

Collect microscopy data, analyze images

Independent projects (10-13)

Develop hypothesis; design behavorial/
imaging/RNAI assay; analyze results

Poster presentation (14)

Experimental methods with student input for each experimental section are listed. Corresponding weeks of the 14-week semester are shown in parentheses.

was not constructed to shuttle students across the three courses
but rather to facilitate faculty collaboration while providing
flexibility in student CURE involvement to increase student par-
ticipation (Figure 1C). Together, these collaborative CUREs and
the overall curricular design provide a new CURE model based
on scientific collaboration among interdisciplinary faculty with
curricular flexibility and universal student benefits (Figure 1).

Course Descriptions and Implementation

CHEMBIO Course. CHEMBIO was a newly developed, stand-
alone upper-level chemistry laboratory course. CHEMBIO met
once per week for 4 hours and was populated by an average of
eight upper-level chemistry majors per semester. The experi-
mental goals of CHEMBIO were to synthesize a series of related
fluorogenic compounds and to then subject those compounds
to chemical and/or biological characterization. CHEMBIO
served as the starting point for the larger experimental goals of
using the fluorogenic compound library to characterize myco-
bacterial serine hydrolases (BIOCHEM) and to identify novel
ubiquitin ligases in C. elegans (NEURO). The synthetic target
compounds for CHEMBIO were bis-acyloxymethyl ether deriva-
tives of fluorescein, previously shown to be highly stable
enzyme probes (Figure 1A; Lavis et al., 2011; Tian et al., 2012;
Lukowski et al., 2014). Introduction of a serine hydrolase to
these protected fluorogenic substrates catalyzes their activa-
tion, with the relative efficiency of enzyme-catalyzed hydrolysis
dependent upon the specific recognition of the acyl-chain struc-
ture of these fluorogenic esters by the serine hydrolase (Lavis
etal., 2011; Hedge et al., 2012; Tian et al., 2012). Thus, a series
of bis-acyloxymethyl ether derivatives of fluorescein can serve
as a tool for characterizing the substrate specificity of mycobac-
terial serine hydrolases (Hedge et al., 2012; Ellis et al., 2013;
Filippova et al., 2013; Johnson et al., 2014a; Lukowski et al.,
2014) and for developing novel neural-signaling sensors (Tian
et al., 2012).

To construct this library of protected fluorogenic hydrolase
substrates, students in CHEMBIO for phase 1 each pursued
two novel bis-acyloxymethyl ether derivatives of fluorescein. A
common synthetic methodology was pursued by all students:
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the S 2 displacement of chloride leaving groups on a common
precursor compound (Figure 1A). CHEMBIO students thus col-
lectively used a combinatorial synthetic approach to expand
an ever-larger library of bis-acyloxymethyl ether derivatives of
fluorescein. Students designed their own target compounds
using various strategies, ranging from incremental structural
variations of existing compounds in the library to computer-as-
sisted molecular modeling (Table 1, weeks 1-2). Students then
chose their experimental conditions for the synthetic reactions
(reagent ratios; reaction time; solvent) and conditions for
monitoring reaction progress via TLC (solvent mixture; visual-
ization). Products were isolated from reaction mixtures by lig-
uid chromatography under conditions chosen by the students
based on TLC data (Table 1, weeks 3-5). Purified products
were then characterized via proton nuclear magnetic reso-
nance (*H-NMR; sample student data in Figure 2A), *C-NMR,
mass spectrometry (MS), and infrared (IR) spectroscopy
(Table 1, weeks 7-9).

After confirmation of the correct synthesis of the desired flu-
orogenic substrates, CHEMBIO then transitioned in phase 2 to
student-driven independent research projects using the syn-
thetic products (Table 1, weeks 10-13). Independent projects
designed by the students could be grouped into four general
categories: 1) repeating the synthetic procedure for failed syn-
thesis or refinement of library compounds, 2) investigation of
the physicochemical stability of their fluorogenic product com-
pounds under various conditions (temperature, pH; sample stu-
dent data in Figure 2C), 3) measurement of the cellular stability
of these fluorogenic compounds following uptake into mamma-
lian or bacterial cells, 4) and characterization of the steady-
state kinetics for fluorogenic substrate hydrolysis by various
hydrolase panels (sample student data in Figure 2B).

Final results of the independent projects were shared at a
semiannual end-of-semester departmental poster session of
students and faculty from the biological sciences and chemis-
try departments (Table 1, week 14). The poster presentations
provided an opportunity for students from the three courses to
collaboratively discuss their research results and to follow the
progression of the projects throughout the years.
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BIOCHEM Course. Building on the work of students in
CHEMBIO, BIOCHEM students used the highest-activity fluoro-
genic hydrolase substrate from CHEMBIO to precisely charac-
terize the active site of three different serine hydrolases. These
three serine hydrolases were selected due to their interesting
chemical biology properties and the critical health impact of TB
(Dedieu et al., 2013; World Health Organization, 2015). BIO-
CHEM was a stand-alone upper-level chemistry laboratory with
eight to 12 junior/senior chemistry or biology majors per
semester. The laboratory met once per week for 4 hours and
also fulfilled university requirements for a writing-intensive
course. The experimental design for BIOCHEM paralleled sim-
ilar semester-long experiments at other institutions relating the
structure and function of a protein using site-directed muta-
genesis, but fused this overall course design with the larger
scientific goal of characterizing important mycobacterial serine
hydrolases (Bailey, 2009; Knutson et al., 2010a; Kreiling et al.,
2011).

For the 3 years of the course assessed here, the structure and
function of three different mycobacterial hydrolases were char-
acterized, with each year’s class undertaking the analysis of a
different serine hydrolase. A significant number of serine hydro-
lases have been identified as important for lipid metabolism by
TB, but only a few have been purified and/or have had their
enzymatic activity verified (Singh et al., 2010; Dedieu et al.,
2013). To begin the semester, each BIOCHEM student was
assigned two specific mutations within the active site or binding
pocket of the chosen mycobacterial serine hydrolase and was
provided with mutagenic primers to convert each amino acid to
alanine (Table 1, weeks 1-4). Approximately 10-14 total muta-
tions for the course were targeted per semester so that, with
two mutations per eight students, a significant degree of redun-
dancy was included in the course design. During phase 1, BIO-
CHEM students then combined the structural information
about their assigned residues with the biochemical data about
their resulting proteins to construct hypotheses about the roles
of their amino acids in the structure and function of the myco-
bacterial serine hydrolase (Table 1; Figure 2D; Lukowski et al.,
2014). The pinnacle of phase 1 was the biochemical character-
ization of the final purified hydrolase variants using thermal
stability and enzymatic catalysis measurements with the high-
est-activity fluorogenic substrate identified in each year of
CHEMBIO (Table 1, weeks 5-9). Detailed experimental proce-
dures for these last two laboratory experiments and example
student data were published and together illustrate the gener-
alizability of these experimental procedures (Johnson et al.,
2014a,b).

During phase 2, which encompassed the final 4 weeks of
the semester, students worked in groups of twos and threes
to design their own independent projects related to the myco-
bacterial serine hydrolase (Table 1, weeks 10-13). To plan
their independent projects, students wrote short (one to two
pages) scientific proposals or outlines describing their
hypothesis, the significance of their project, and a proposed
methodology. BIOCHEM faculty mentors then assisted stu-
dents in finalizing their experimental designs based on indi-
vidual meetings. BIOCHEM students designed independent
projects ranging from direct extensions of the semester’s lab-
oratory experiments, including determining the effect of var-
ious metals, solvents, temperatures, inhibitors, or additional
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fluorogenic substrates from CHEMBIO on the catalytic activ-
ity of the mycobacterial serine hydrolase, to more divergent
projects, including cloning homologous serine hydrolases,
multiple sequence alignments, crystallography trials, and
synthesis of refined fluorogenic substrates (Figure 2, E and F;
Johnson et al., 2014a,b). At the end of the semester, students
presented the results from their independent projects to fel-
low students and faculty at the joint biological sciences and
chemistry departmental poster session (Table 1, week 14).

NEURO Course. Continuing the collaborative work of
CHEMBIO and BIOCHEM, the original research goal of NEURO
was to study neural signaling using the fluorogenic substrates
from CHEMBIO. For NEURO, the CURE comprised the labora-
tory portion of a new upper-division course in cellular and mole-
cular neuroscience. The more traditional lecture/discussion
component of the course met twice a week for 75 minutes, while
the laboratory met for one 3-hour session per week. NEURO was
taken by five to 15 junior and senior biology and psychology
majors per semester. NEURO is distinct from the CHEMBIO and
BIOCHEM courses due to the added lecture/discussion compo-
nent, which is intertwined with the lab in terms of the focus on
experimental design, data analysis, and techniques associated
with cellular and molecular neuroscience. The overarching
research goal of NEURO was to identify and begin to character-
ize novel ubiquitin family enzymes that regulate neural signal-
ing, using the model roundworm C. elegans (Figure 1A). Ubiqui-
tin ligases and proteases (DUBs) are required for synapse
development, maintenance, and function, and for neural devel-
opment in C. elegans (Bingol and Sheng, 2011; Kowalski and
Juo, 2012). Many ubiquitin ligases are expressed in the nervous
system; however, the function, regulation, and substrates of
most of these enzymes in neurons and at synapses have not yet
been investigated.

To identify novel ubiquitin ligases with roles in controlling
synaptic signaling, NEURO students worked in groups of three
or four in phase 1 to perform RNA interference (RNAi)-based
screens of transgenic worms expressing the fluorescently
tagged synaptic vesicle protein synaptobrevin::green fluores-
cent protein (synaptobrevin::GFP) in cholinergic motor neu-
rons (Table 1; Zhen and Jin, 1999; Sieburth et al., 2005). These
labeled synaptic vesicles localize in clusters at presynaptic sites
adjacent to postsynaptic muscle cells at neuromuscular junc-
tions (Figure 1A). The initial plan for NEURO was to have stu-
dents screen for effects of ubiquitin ligase knockdown on the
abundance of a serine hydrolase-tagged receptor that would
activate exogenously delivered masked fluorogenic substrates
from CHEMBIO in a cell-specific manner; however, due to per-
meability issues with the worm cuticle, the approach was
switched to a traditional GFP-based imaging system. Before
performing the RNAi screen, each group first researched and
selected 10 ubiquitin ligase genes to test from a list of 25 pro-
vided, while also reviewing sterile technique and optimizing the
RNAI treatment procedure (Table 1, weeks 1-4). Groups then
spent several weeks performing visual screens of synaptobre-
vin::GFP-expressing worms in which they had individually
inhibited the expression of each of their chosen ubiquitin ligase
genes via RNAi (Table 1, weeks 5-9, and Figure 2G). Following
the screening period, individual students each wrote and
revised a scientific manuscript describing their phase 1 screen,
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and each group selected one to three candidate genes for fur-
ther characterization during phase 2 (Table 1, weeks 10-13).

In phase 2, the student groups designed independent proj-
ects with which to further investigate enzymes selected based
on the results of their phase 1 RNAi screens. These projects
included reiterative quantitative imaging, enhancer/suppressor
RNAI screens, behavioral assays to assess synapse function, and
additional imaging analyses to test for effects of their candidate
ubiquitin enzyme(s) on another synapse (Figure 2, H and I).
Before the start of phase 2, each group submitted a brief research
proposal outlining a hypothesis, experimental methods,
expected results and anticipated problems; the proposal was
revised and approved before experimentation began. As with
CHEMBIO and BIOCHEM, the project culminated with group
poster presentations at the joint biological sciences and chemis-
try poster session (Table 1, week 14).

Syllabi and a detailed week-by-week description of activities
for each course, can be found in the Supplemental Material.
Additional protocols and course assignments are available upon
request.

Assessment Data Collection and Analysis

Human Subjects Protocol. The Butler University Institutional
Review Board approved the research described in this work as
an exempt protocol (May 2011). The number of students in
each course who participated in each assessment is given in
legends for the figures in which those data are described.

Experimental Design Assessment. To measure the effects of
student participation on the development of students’ experi-
mental design skills, students provided written answers to a
pair of course-specific short-essay questions on the first (pre-
course) and last (postcourse) day of class (see the Supplemen-
tal Material). These questions were designed specifically to test
students’ ability to design and interpret data from experiments
similar to those they had encountered in their semester-long
research projects and tested both specific methodological
understanding relevant to their projects and fundamental
aspects of experimental design, such as the use of positive and
negative controls. We chose to use these questions, written by
the instructor of each course, rather than pre-established assess-
ment tools, due to the complex nature of the science investi-
gated in each course and our desire to teach discipline-specific
molecular techniques in addition to general experimental
design skills.

All student responses to the pre- and postcourse experimen-
tal design questions were collected anonymously and were
independently scored by each of the three course instructors
using a four-point scale based on pretested rubrics (see the Sup-
plemental Material) that were examined by another faculty
member in the chemistry department who was uninvolved in
the study. The three scores per student were then averaged to
obtain a single score for each student. Instructors were not
blinded to pre- versus postcourse question sets. Student scores
across all three sections of a given course were then averaged
for both the precourse questions and the postcourse questions,
and the means of pre- and postcourse scores were statistically
compared as described in Statistical Analyses. Because student
responses were not coded, pre- and postcourse responses for a
single student could not be compared. The anonymity with
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which student responses were collected also prevented tracking
of students who took more than one of the CUREs as opposed
to those who took only one course.

Scientific Poster Assessment. Students in all courses worked
in groups of two to four students to prepare posters describing
their independent projects, which they presented at a public
poster session at the end of the semester. These posters were
evaluated using a common, pretested rubric (see the Supple-
mental Material) examined by an outside evaluator in the
chemistry department. Each component of the poster was rated
on a scale from 0 (component not present) to 3 (component
fully meets expectations), in which all information is included
and described clearly, with appropriate connections and depth.
Poster components included 1) basic poster formatting; 2) artic-
ulation of project significance; 3) clear statement of hypothesis
or project goal; 4) experimental methods that are sound and
well-controlled; 5) accurate, complete data presentation;
6) conclusions given in light of original goals/hypothesis; and
7) appropriate future modifications and extensions of the proj-
ect. All posters were evaluated by all three instructors, and the
average poster score in each of the seven areas was determined
for each course over all three iterations. The instructors graded
all posters, as they were the relevant content experts in the dis-
ciplines covered in the CUREs. Individual instructor/course bias
was minimized by having all three instructors grade all posters
from all three courses using a standardized rubric. While all
students were required to participate in poster preparation and
presentation, only the aggregate score for each poster group
was collected, as the goal of the assessment was to quantitate
the scientific communication, experimental design, and data
analysis of the class as a whole.

CURE Assessment of Student Attitudes and Perceived Learn-
ing Gains. Students participated in the online CURE survey
(www.grinnell.edu/academics/areas/psychology/assessments/
cure-survey) both pre- and postcourse; this survey measures
student attitudes about science and student perceptions of their
own learning gains (Lopatto, 2004, 2007; Lopatto et al., 2014).
We acknowledge the recent questions regarding the validity and
reliability of the CURE survey instrument in accurately measur-
ing student attitudes and perceptions across a variety of CUREs
and contexts and the potential effects of social bias and differing
levels of feedback on student CURE responses (Auchincloss
et al., 2014). However, the CURE survey method was chosen
because this method allows for comparison of the attitudes and
perceived learning gains of the students in each of our three
CURESs with those of students in other CUREs and with those of
students who participated in summer undergraduate research
experiences (SUREs) across the country. Data analysis was per-
formed by the CURE survey group at Grinnell College and
included the SDs for the aggregate CURE and SURE data across
institutions and courses.

Student Research Retention. Student retention in research
was measured by determining 1) the number of CURE students
who participated in independent undergraduate research proj-
ects either at Butler or SUREs or internships at other institu-
tions and 2) the number who completed honors theses. Student
retention in STEM fields was also assessed by determining the
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number of students attending or planning to attend graduate
school or professional school in STEM-related fields or continu-
ing in a STEM-related job postgraduation.

Faculty Research Productivity Assessment. Faculty research
output was measured by calculating 1) the average number of
research students mentored per semester by all three faculty
members, 2) the total number of peer-reviewed research or
pedagogical publications (in print, accepted, or under revision),
and 3) the total numbers of research or pedagogical presenta-
tions (posters or oral presentations) made by each faculty mem-
ber and/or his or her students at regional or national scientific
conferences. Precourse faculty output counts were made from
Fall 2009 through Summer 2012; postcourse counts were made
from Summer 2013 through Spring 2016 to allow a lag period
for completion of one iteration of each course before postcourse
faculty output measurements. Numbers of presentations and
publications involving undergraduate coauthors are indicated
later in this article in Table 3, as are the number of faculty-stu-
dent coauthored publications directly resulting from the CUREs
and related research projects.

Statistical Analyses

The SPSS statistical analysis program was used to perform inde-
pendent variables t tests for statistical significance testing and
Cronbach’s alpha interrater reliability testing on pre- and post-
course experimental design questions and Cronbach’s alpha
testing on poster scores. The JMP statistical analysis program
was used to perform a nonparametric Kruskal-Wallis (Wilcoxon)
test with a one-way chi-square approximation on the mean
research student numbers per semester for all three faculty
members combined, as the combined precourse data were not
normally distributed. JMP software was also used to perform
unpaired two-tailed t tests on the research student data for indi-
vidual faculty members following tests for equality of variances.
The alpha level for statistical significance of all tests was 0.05.

RESULTS AND DISCUSSION

Integration of research experiences into classroom laboratories
(CURESs) has been a major focus of recent revisions to under-
graduate science curricula, given the documented benefits to
student engagement, confidence, critical-thinking skills, and
retention in science (Auchincloss et al., 2014; Bangera and
Brownell, 2014; Brownell and Kloser, 2015; Brownell et al.,
2015; Corwin et al., 2015). Incorporation of faculty members’
research projects into CUREs can also decrease implementation
efforts and maximize research and teaching benefits to faculty
while promoting student learning and engagement outcomes
(Darden, 2003; Nadelson et al., 2010; Kloser et al., 2011; Ditty
et al., 2013; Miller et al., 2013; Russell et al., 2015). Consider-
ing these measurable benefits of CUREs to faculty and students
and the lack of CUREs in the molecular life science curriculum
at Butler University, we implemented a series of three collabo-
rative CURESs focused on big-picture topics of societal and scien-
tific importance and with direct connections to ongoing faculty
research projects (Figure 1). These CUREs involved collabora-
tive research and teaching approaches across three upper-divi-
sion laboratory courses in the biological sciences and chemistry
departments, and each engaged students in independent
research projects requiring significant student input into the
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questions, experimental designs, data analysis, and presenta-
tion of the findings of these projects. For this curricular design,
we developed and assessed five specific goals based on success-
ful implementation of these collaborative CUREs (Figure 1).

Goal 1: Generate Novel Data Related to Bacterial Serine
Hydrolases and Neuronal Signaling

CHEMBIO. In CHEMBIO, students designed, synthesized, and
chemically characterized the properties of their fluorogenic
substrates (Figures 1 and 2). Building on their skills from
organic chemistry, students applied synthetic methodology to a
novel chemical problem and obtained experience with NMR,
different MS techniques, and flash chromatography (Figure
2A). At the beginning of the semester, faculty and students
worked collaboratively to design a novel series of fluorogenic
substrates using various strategies, ranging from incremental
structural variations of existing compounds in the library to
computer-assisted molecular modeling. Through 3 years of
CHEMBIO, the published library of fluorogenic substrates was
expanded from ~20 to more than 50 substrates, opening up the
scientific questions that can be addressed with this library. Each
of these substrates has detailed chemical characterization,
including *C-NMR, 'H-NMR, and high-resolution MS, and was
synthesized in sufficient quantities for all future applications.
Because these substrates served as the starting point for further
investigations for mycobacterial hydrolases from BIOCHEM
and neural signaling in NEURO, scientific outcomes are still
forthcoming based on the application of the CHEMBIO sub-
strates, but two publications using the fluorogenic substrates
from CHEMBIO are currently in preparation.

Phase 2 independent projects from CHEMBIO have proven
fruitful initiation points for future investigations, including
understanding the relatively large shifts in the stability of the
fluorogenic substrates based on changes in pH and temperature
and developing comprehensive structure-activity relationships
for mycobacterial serine hydrolases (Figure 2, B and C). These
independent projects and refinement of final synthetic products
have been the subject of two senior theses and multiple national
scientific presentations from students continuing their research
from CHEMBIO into an independent research project (see goal
5). Additionally, two students from CHEMBIO continued into
independent research in the summer after they graduated from
Butler, and one of these students continued into graduate school
in biological chemistry after this summer research experience.

BIOCHEM. BIOCHEM laboratory followed a classic procedure
for creating site-directed protein variants and then studying
the effect of these amino acid substitutions on the structure
and function of an enzyme (Knutson et al., 2010a,b). The nov-
elty of BIOCHEM is the focus of the structure-function studies
on biomedically relevant serine hydrolases from M. tuberculosis
and the direct connection with the fluorogenic substrates from
CHEMBIO. As an example of the novel scientific results from
BIOCHEM, students in the first iteration of BIOCHEM con-
structed alanine-scanning variants of the binding pocket and
active site loop of the mycobacterial hydrolase Rv0045c (Figure
2A). From this initial alanine screen, two key residues (Gly-90
and His-187) were identified that increased the catalytic activ-
ity of Rv0045c toward varied fluorogenic substrates. The fol-
lowing cycle of BIOCHEM then built on this initial screen
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and performed saturation mutagenesis of these key residues,
finding an evolutionarily substituted tyrosine that increased
the catalytic activity of Rv0045c greater than 20-fold. Combi-
nation of these 2 years of BIOCHEM course work with summer
independent research projects served as the framework for a
full scientific publication in Biochemistry (Lukowski et al.,
2014). Importantly, the two first authors on this publication
were undergraduate students who each took both CHEMBIO
and BIOCHEM. Recent cycles of BIOCHEM have also been
highly successful, studying distinct, novel mycobacterial serine
hydrolases with full structure—function work completed on the
narrow substrate specificity of LipW from Mycobacterium mari-
num (students have prepared a manuscript that is currently
submitted for publication) and the broader substrate specificity
of the mycobacterial hormone-sensitive lipase LipN from
Mycobacterium ulcerans. Individual laboratory experiments
from BIOCHEM have also been published with two student
coauthors who each took CHEMBIO and BIOCHEM (Johnson
et al., 2014a,b). For each BIOCHEM iteration, one BIOCHEM
student has also continued the phase 1 classroom research
through a summer and school year-independent research proj-
ect to refine the scientific data collection and extend the scien-
tific investigation.

In addition to direct outputs from the phase 1 structure—
function studies of BIOCHEM, phase 2 independent projects
have highlighted novel features of serine hydrolases that have
continued into independent projects, national scientific meet-
ing presentations for students and faculty, and pending scien-
tific publications (Figure 2, F and G). As an example of this
continuation of independent projects, one group applied the
kinetic and thermal stability assays from BIOCHEM to under-
stand the effect of divalent metals on the catalytic activity and
thermal stability of Rv0045c. Surprisingly, specific divalent
metals showed a concentration-dependent effect on the ther-
mal stability and catalytic activity of Rv0045c (Figure 2F;
Johnson et al., 2014a; Lukowski et al., 2014). Multiple summer
research projects and two senior theses have now refined our
understanding of this effect of divalent metals, determining the
concentration, structural, and metal dependence of this effect,
and these results have been presented at multiple national sci-
entific conferences and are being prepared for publication (see
goal 5). The majority of these continued independent research
projects were completed by students who had previously taken
BIOCHEM. Extensions of independent projects from BIOCHEM
are currently ongoing as independent research projects study-
ing the pH dependence, quaternary structure, and three-dimen-
sional structure of mycobacterial hydrolases.

NEURO. In the NEURO laboratory, students first used fluores-
cence imaging and RNAI in C. elegans to screen for ubiquitin
ligase genes with novel roles in controlling neuromuscular syn-
apse structure (phase 1). Although the impenetrability of the
worm cuticle to the fluorogenic probes synthesized in CHEM-
BIO prevented the incorporation of the esterase—fluorophore
pairs into the project design, this initial drawback was taken as
a scientific challenge that led to ongoing, collaborative scientific
investigation. Two CURE students in collaboration with multi-
ple faculty and two independent research students have contin-
ued to investigate this issue and have now collected significant
publishable results related to C. elegans serine hydrolases on
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which all four students are coauthors (the students and faculty
[J.R.K. and R.J.J.] are currently writing a paper for submis-
sion). All four students involved in this project have presented
their CURE-related work at regional and national scientific con-
ferences, three of the four students completed honors theses on
this work, and one of the CURE students is also an author on a
separate publication based on his additional independent
research work on C. elegans neuronal signaling (Kowalski et al.,
2014). One additional NEURO student with no prior research
experience also went on to do independent research in the
instructor’s lab, leading to presentations at local and regional
conferences and continuation in a biomedical PhD program
(see goal 5).

Following use of the more traditional GFP-tagging approach
to visualize neuronal proteins in live worms during the phase 1
RNAI screening, all NEURO groups progressed to screen fol-
low-up and candidate characterization in phase 2 each semes-
ter. While the imaging data were intended to document only
changes students observed visually in the phase 1 screening,
several groups generated imaging and/or behavioral data in
phase 2 that were publication or near-publication quality
(Figure 2, G-1). For example, several groups tested whether the
effects of gene inhibition they observed on synapse structure in
the screen correlated with changes in behaviors, such as the
ability to swim or “thrash” in liquid (Figure 2H). For genes 1
and 2, the reduced abundance of synaptic vesicles at excitatory
cholinergic synapses in RNAi-treated animals correlated with a
reduced thrashing ability relative to vector-treated controls
(L4440; Figure 2, G and H). Another group found that the
reduced synapse density seen with RNAi treatments targeting a
different ubiquitin ligase (gene 3) correlated with decreased
numbers of cholinergic motor neurons, suggesting effects on
neuronal survival or production (Figure 2I). Even for groups
without such clean data, more than half generated data on can-
didates that are sufficiently interesting to warrant additional
follow-up studies by students doing independent research proj-
ects. To replicate results obtained by groups in one semester
without biasing future student groups regarding those genes,
genes that showed phenotypes in one semester were included
in the lists of candidate genes for future sections. Thus, a num-
ber of genes were screened in multiple semesters, and in sev-
eral cases, the results were replicated or expanded. A handful of
promising candidates were also identified that students doing
independent research in the instructor’s lab are now character-
izing for their roles in neuromuscular signaling.

Overall Course Outcomes. Together, students in phase 1 of
all three CUREs generated novel scientific results, including
developing a robust structure-activity library of fluorogenic sub-
strates, dissecting the substrate specificity of multiple mycobac-
terial serine hydrolases, and identifying novel ubiquitin ligases
involved in neural-signaling regulation (Figure 2). As joint fac-
ulty, student, and scientific outcomes, these scientific results
have been incorporated into joint faculty and student publica-
tions and presentations (see goal 5), illustrating the general sci-
entific importance of these CURE investigations. The majority of
the CURE results were not immediately ready for publication,
but the ability of students in all three CUREs to generate novel
publishable or preliminary data supports the findings of these
and several other faculty research—driven laboratory courses on
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FIGURE 3. Experimental design and data analysis skills improve postcourse. (A) Pre- and
postcourse experimental design questions were administered in each course and graded
with standard rubrics by all three instructors. Average posttest responses were significant-
ly higher than pretest responses for five questions (*, p < 0.005, independent-variables

gating genetic effects on nervous system
function versus structure in NEURO. We
found that, for five of the six experimental
design and data analysis questions (two
questions per course), posttest responses
were significantly higher than pretest
responses (p < 0.005, independent-vari-
ables t test; Figure 3A). Only question 2
for BIOCHEM showed no significant
increase between the pretest and posttest
average course score (p > 0.05, indepen-
dent-variables t test). The Cronbach’s
alpha test for interrater reliability gave
scores > 0.9 for both pre- and posttest
CHEMBIO questions 1 and 2 and NEURO

t test). Cronbach’s alpha scores were 2 0.9 for pre- and posttest CHEMBIO and NEURO 1
and 2 and BIOCHEM 1; for BIOCHEM 2, Cronbach'’s alpha scores were 0.66 (pre) and 0.78
(post) (n =22 CHEMOBIO, n = 24 BIOCHEM, n = 33 NEURO). (B) Student groups prepared
posters on their research. Each poster was rated in seven areas by all three instructors
using a standard rubric. Average scores for each area were determined for each course.
Cronbach'’s alpha tests showed fair to excellent interrater reliability (necessary sections =
1.0 [excellent]; significance = 0.805 [excellent]; problem/hypothesis = 0.796 [excellent];
experimental design = 0.588 [fair]; data presentation = 0.713 [good]; conclusions = 0.805
[excellent]; future directions = 0.929 [excellent]; n=8 CHEMBIO, n =12 BIOCHEM, n=10

NEURO; Hallgren, 2012). Error bars show + SEM.

a variety of topics (Gardner et al., 2011; Miller et al., 2013;
Harvey et al., 2014; Sarmah et al., 2016). The wide range of
student-initiated research projects investigated in phase 2 has
also started new ongoing research projects in each of the faculty
members’ laboratories (Figure 2), reinforcing a previously quan-
titated benefit to faculty from CURE participation (Sanders
et al., 2016; Shortlidge et al., 2016). In addition to incorpora-
tion into the research laboratory, CURE results have served as
preliminary data for ongoing studies in subsequent iterations of
these CURES, creating a reinforcing cycle and lowering faculty
load in future CURE cycles. Similar iterative data-validation
approaches were used successfully in previous laboratory
courses integrating faculty research projects on the molecular
control of python organ regression or neuroanatomical changes
in animal models of dyslexia and aging (Gardner et al., 2011;
Harvey et al., 2014).

Goal 2: Develop Students’ Experimental Design and Data
Analysis Skills

To assess experimental design and data analysis skills of our
CURE students, we performed two direct assessments. First, we
administered a pair of pre- and postcourse experimental design
questions to students in each course (see the Supplemental
Material). Each set of questions was specific to the research
topic and general experimental approaches used in the course
in which it was administered; thus, these open-ended questions
were aimed at assessing course content—specific experimental
design skills with application to related scenarios. For example,
one question each in both BIOCHEM and NEURO asked about
the appropriate positive and negative controls needed to accu-
rately interpret and/or troubleshoot particular experimental
data. Overall, questions tested students’ abilities to design syn-
thesis schemes and assess product purity in CHEMBIO, to deter-
mine the effects of active site mutations on enzyme activity in
BIOCHEM, and to select appropriate experimental tests investi-
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questions 1 and 2 and for BIOCHEM ques-
tion 1, indicating excellent reliability
(Hallgren, 2012); however, for BIOCHEM
question 2, Cronbach’s alpha scores were
0.66 for the pretest and 0.78 for the
posttest version, indicating good but still
lower reliability. Nevertheless, strong pre-
to postcourse improvements seen for ques-
tions 1 and 2 in CHEMBIO (59 and 228%
increases) and NEURO (198 and 716%
increases) and for question 1 in BIOCHEM (40% increase)
demonstrate the pre- to postcourse improvement in experimen-
tal design skills in students taking each of these courses. As we
did not track students who had taken more than one CURE
compared with the rest of the population, it is possible that
these students performed better on the experimental design
questions as a result of the reinforcement of concepts in multi-
ple CUREs; however, we expect that this would have improved
both pre- and postcourse scores, potentially canceling any
effects. Thus, we think that the measured pre- to postcourse
gains were due to student learning and development of the con-
text-specific experimental design skills that were reinforced
through their experiments and writing assignments within our
CURESs. Overall, the gains in experimental design mirrored the
gains in experimental logic reported for a recently modified
SEA-PHAGES course-based research experience (Staub et al.,
2016) and the content-based gains observed for a variety of
other research courses with a range of levels and topics (Shaffer
et al., 2010; Campbell et al., 2014; Harvey et al., 2014; Russell
et al., 2015). Similar increases in both lower- and higher-order
cognitive skills were recently reported for students participating
in both CUREs and in independent AREs; interestingly, the pre-
to postcourse increases were greater for CURE students, who,
on average, began at a lower achievement levels than students
in AREs, suggesting the importance of CUREs in narrowing stu-
dent achievement gaps (Shapiro et al., 2015).

As a second, independent measure of students’ mastery of
scientific skills related to all aspects of experimental design and
scientific communication, we rated the final posters that groups
of students prepared on their projects in each course for com-
petency in each of seven areas: 1) necessary sections present,
2) significance of project, 3) problem/hypothesis statement,
4) experimental design, 5) data presentation, 6) conclusions,
and 7) future directions (Figure 3B, Supplemental Material 3).
While all posters did not fully meet expectations in any one
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category, we found that groups in all three courses at least par-
tially met expectations in all categories, except for the prob-
lem/hypothesis and future directions areas in CHEMBIO
(Figure 3B), demonstrating general competence in these varied
aspects of experimental design and data analysis and suggest-
ing overall competency of the students in understanding and
presenting scientific research information in this format. Such
participation of students in “authentic scientific communica-
tion” activities is one of the core recommendations for success-
ful development of a research-based course (Kloser et al.,
2011). Students in all three courses received feedback on drafts
of their posters and presentations and on scientific writing
exercises (e.g., manuscripts and/or project proposals) before
submitting their final versions, again meeting suggested crite-
ria for maximizing student learning gains from research-based
courses (Kloser et al., 2011).

Goal 3: Promote Positive Student Attitudes about Science
and Perceptions of Learning Gains

Third, we assessed student attitudes about science and stu-
dents’ perceptions of their own learning gains related to their
research skills using the CURE survey, which uses pre- and post-
course questions to measure students’ perceived learning gains
in courses with significant research components (Lopatto,
2004, 2007; Lopatto et al., 2014). These data are compared
with CURE survey results from students in other class-
room-based research courses and in SUREs. We selected groups
of CURE questions related to research preparation and confi-
dence (six questions), scientific communication skills (three
questions), data analysis and lab skills (three questions), and
interest in science and research (two questions). For all 14
questions in all four categories, students in CHEMBIO, BIO-
CHEM, and NEURO scored at or above the combined mean of
all CURE and SURE students. Particular areas of strength in
which our students’ scores were notably above the CURE +
SURE average include “self-confidence,” “readiness for more
demanding research,” “understanding the research process,”
“skill in scientific writing,” “good way of learning about the sci-
entific process,” and “positive effect on interest in science.”
These skills span all four areas assessed, indicating the per-
ceived gains our students made in all of these areas—gains
equivalent to or greater than those made by students in similar
courses or participating in various summer and course-based
research programs (Figure 4; Lopatto, 2004, 2007; Lopatto
et al., 2014). Gains were particularly notable in areas related to
self-confidence, preparation for more demanding research, and
interest in scientific research, corroborating the improvements
in experimental design skills and the competence in experimen-
tal design and analysis on the posters that we measured directly.
These gains also correlate with increases in student responses
to the CURE survey or similar attitudinal surveys regarding stu-
dents’ perceptions of their readiness for research, confidence in
skills related to performing scientific research, understanding of
how scientists think, and understanding of the research process
reported for other research-based courses (Miller et al., 2013;
Harvey et al., 2014; Russell et al., 2015).

Together, data from our direct assessments of students’
experimental design skills and our indirect assessments of stu-
dent attitudes and perceptions of their own learning gains
support the success of each of our CUREs in promoting scien-
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tific skills and positive attitudes about science—critical, yet
often poorly documented outcomes of CUREs (Corwin et al.,
2015; Linn et al., 2015). Student comments on open-ended,
end-of-semester course evaluations support our CURE survey
results (Supplemental Table S2), as students noted how much
they enjoyed the in-depth focus on a single project, which
allowed them to become “very well-versed” and “more accom-
plished,” to learn “how to solve problems,” to have “a greater
understanding of specific results,” “allowed for more creativ-
ity,” and helped them “fe[el] like we were doing important
work.” Students also mentioned how much they enjoyed hav-
ing their own projects and designing their own experiments
and were “really invested in coming back,” suggesting strong
feelings of project ownership, a validated outcome from CURE
participation (Corwin et al., 2015). In the future, we hope to
quantify this ownership using recently validated and pub-
lished methods (Hanauer and Dolan, 2014).

Goal 4: Promote Student Retention in STEM Disciplines

On the basis of previous CURE studies (Auchincloss et al., 2014;
Brownell et al., 2015; Corwin et al., 2015), we expected that
participation in CUREs would promote student interest in scien-
tific research and STEM disciplines. We found that an average
of 74.7% of the 79 total students enrolled in at least one of our
three research-based courses also participated in independent
UREs (Table 2). This is significantly above the 40% average
research participation for the biological sciences and chemistry
departments at Butler and is similar to the 80-90% of students
who sought research positions following their experiences in
the research-intensive Python Project lab course at the Univer-
sity of Colorado (Harvey et al., 2014). Additionally, nearly one-
third (32.9%) of the 79 enrolled students completed an honors
thesis, which is also significantly above the 9% average of STEM
students who completed a thesis at Butler University from 2003
to 2012 (Howes and Wilson, 2015).

The increased level of participation in UREs by our CURE
students is an exciting outcome of our CURE courses. After
3 years of CURE implementation, this increased level of URE
participation is, however, reaching the maximum capacity of
our departments to provide high-quality independent research
opportunities. Yet, based on our assessments of student gains in
experimental design (Figure 3) and student perceptions of
learning gains (Figure 4), our CUREs provide students with the
measureable outcomes of UREs without the increased strain on
limited departmental resources. Continued implementation of
these CUREs will thus allow us to provide authentic research
experiences to the greatest number of students. Thus, CUREs
can generate student populations better prepared to engage in
future independent research and allow more students access to
real-world, student-driven research experiences not available in
the traditional laboratory classroom.

Regarding their postgraduate career goals, slightly less
than half (43.4%) of students are pursuing or intend to pursue
STEM-related graduate degrees (e.g., master’s or PhD pro-
grams in chemistry, biology, or psychology), while slightly
more than half (52.2%) are pursuing or intend to pursue train-
ing in STEM-related professional schools (e.g., medicine, den-
tistry, veterinary medicine, physical therapy, physician assist-
ing, clinical psychology, and genetic counseling). One student
(1.5%) is pursuing STEM-related employment without further
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FIGURE 4. Students perceive gains in research skills and exhibit confidence and interest in research. Student attitudes about science and
perceptions of learning gains related to their research skills were assessed using the CURE survey (Lopatto, 2004, 2007; Lopatto et al.,
2014). Results were compared with CURE survey results from students in other CUREs and in SUREs. We selected groups of CURE
questions related to research preparation and confidence, scientific communication skills, data analysis and lab skills, and interest in
science and research. For all questions shown, students in each course scored at or above the combined mean of all CURE and SURE
students. Error bars show + SD of the mean of “all students (CURE + SURE).” (CHEMBIO 2012—-2014: n = 22 students pre, n = 22 post;
BIOCHEM 2013-2015: n =22 pre, n = 23 post, NEURO 2013-2015: n = 35 pre, n = 29 post).

education. In total, 97% of all the students in each of our three
research-intensive courses between 2012 and 2015 intend to
continue in STEM-related careers. Given the small size of both
the Department of Chemistry and the Department of Biological
Sciences at Butler, we do not have data on sufficient numbers
of students to make definitive comparisons between the reten-
tion rate of CURE students and students outside this cohort.

TABLE 2. Student participation in research and STEM-related fields

However, a similarly high level of retention in STEM disci-
plines was seen for students participating in introductory-level
CURE:s on zebrafish development, in which more than 80% of
students intended to continue in the biomedical field at the
end of the course (Sarmah et al., 2016) or in one of several
integrated CUREs at Georgia Gwinnett College (Russell et al.,
2015).

Undergraduate Undergraduate STEM graduate =~ STEM professional STEM
Course research (%) thesis (%) school (%)? school (%)® employment (%) Total students
CHEMBIO 81.8 40.9 50.0 50.0 0.0 22
BIOCHEM 75.0 33.3 52.6 42.1 5.3 24
NEURO 69.7 27.3 33.3 60.0 0.0 33
Total 74.7 32.9 43.3 52.2 1.5 79

Percentage of students in each course that participated in undergraduate research (either at Butler or through summer experiences at other institutions) and who com-
pleted honors theses. Percentages were calculated based on student and faculty reported data. Percentage of students in each course who are pursuing or intend to
pursue graduate or professional school or employment in STEM or related disciplines was computed from data self-reported by students. Owing to this self-reporting of
postgraduate data, these percentages are based on data from 18 of 22 CHEMBIO students, 19 of 24 BIOCHEM students, and 30 of 33 NEURO students.

3STEM graduate school category includes students pursuing master’s or PhD degrees in chemistry, biology, or psychology.

"STEM professional school includes students pursuing professional degrees in medicine, dentistry, veterinary medicine, physical therapy, physician assisting, clinical
psychology, and genetic counseling.
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While we do not have sufficient comparative data to deter-
mine whether our students would have chosen these STEM
career trajectories even in the absence of enrolling in our
courses, we have additional qualitative evidence to suggest
that participation in these courses helped students clarify their
career goals with regard to research. Although we know that
multiple students participated in undergraduate research
before enrollment in our CUREs, we know of students from
NEURO and from CHEMBIO who started independent under-
graduate research after completing the CURE and are now
enrolled in a biomedical or chemistry PhD program specifi-
cally because of their research experiences in these courses.
Although there is likely some self-selection of research-ori-
ented students into our courses, these data are consistent with
previous reports of the positive impact of research on students’
likelihood of enrolling in STEM graduate programs and over-
all persistence in science (Eagan et al., 2013; Corwin et al.,
2015). A recent study assessing both pre- and postcourse
career intent found little change in the overall number of stu-
dents interested in pursuing STEM careers but did see a ~15%
increase in the number of students intending to pursue a mas-
ter’s or PhD at the end of the research-based course with con-
comitant decreases in the number planning to pursue profes-
sional degrees in medicine or pharmacy (Harvey et al., 2014).
Conversely, we know of students from NEURO and BIOCHEM
for whom their CURE experience helped them to decide that
the research field for the course is not the ideal career path for
them and solidified their desire to pursue professional studies
in a different field. Thus, student exposure to our CUREs later
in their academic careers was still able to impact their feelings
toward research and career decisions, underscoring the impor-
tance of integrating this type of course into undergraduate
curricula at all levels.

Goal 5: Promote Faculty Research Productivity

In addition to student benefits, we predicted that this series of
CUREs would increase the research productivity of participat-
ing faculty members, as each faculty member was able to incor-
porate his/her own research into the course and train a popula-
tion of students who would be motivated and capable of
engaging in independent laboratory research. To test this pre-
diction, we measured faculty research productivity before and
after CURE implementation by determining the mean number
of research students mentored in faculty members’ labs per
semester and the total number of peer-reviewed research pub-
lications and the number of presentations for each faculty
member. We found increases in the combined data from all
three faculty members and for each individual faculty member
for all three productivity parameters during the 3-year period
following initial implementation of the courses (Summer 2013-
Spring 2016) compared with the 3 years before course imple-
mentation (Fall 2009-Summer 2012; Table 3). The mean num-
ber of research students mentored per semester increased
1.35-fold from the pre- to postcourse period, with individual
faculty member increases ranging from 1.14- to 1.69-fold. The
increase in the combined number of research students per
semester for all faculty members was statistically significant
(p = 0.014, Kruskal-Wallis nonparametric test), as was the
increase seen for faculty member 1 (J.R.K.) alone (p < 0.05,
two-tailed unpaired t test, assuming unequal variance). In addi-
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tion, there was a 3-fold increase in the number of combined
publications and a 2.4-fold increase in presentations from the
precourse to the postcourse period, with a range of 0.5-fold to
7-fold increases in individual faculty member publications and
a range of 2-fold to 3.3-fold increases in individual faculty
member presentations. It is important to note that some
increase in absolute numbers of research students and publica-
tions/presentations may also be due to the fact that two of the
three faculty (J.R.K. and R.J.J.) were recently hired during the
3 years before implementation of the courses and were tenured
by the end of the 3-year postcourse period. Irrespective of fac-
ulty position, however, these faculty benefits likely would not
have resulted from continued participation in courses in which
students performed only traditional laboratory experiments.
Moreover, we think that the large increases in productivity seen
for the newly hired faculty (1 and 2, J.R.K. and R.J.J.), the
number of publications directly related to the CURE research,
and the fact that the senior faculty member (3, G.C.H.) still saw
a substantial increase in productivity provide compelling sup-
port that some of the increased faculty productivity was a direct
result of involvement in these CUREs. Overall, our total publi-
cation counts, in both science and science education, were
above the 1.32 average publication outcomes measured for 38
CURE active faculty (Shortlidge et al., 2016). Furthermore,
publication numbers are underrepresented in this table, as sev-
eral faculty members have additional CURE-related publica-
tions in various stages of preparation and the data presented do
not account for lab-connected outcomes that have been incor-
porated into successful external grant applications.

The direct overlap between the faculty members’ research
and the CUREs was likely a supporting factor for our high num-
ber of publications. Nearly all of the faculty publications and
presentations involved student coauthors both before and after
implementation of the CUREs (Table 3). This is likely reflective
of the commitment of these faculty members, and Butler Uni-
versity as a whole, to promoting faculty—student research part-
nerships. Thus, implementation of our CUREs correlated not
with an increase in the percentage in faculty publications
involving students but with an enhancement of the overall
research productivity of each faculty member. Moreover,
between 50 and 100% (75% overall) of all faculty-student
coauthored publications and between 17 and 94% (50% over-
all) of faculty-student coauthored presentations in the post-
CURE period directly resulted from research related to work
done in the CUREs (Table 3), suggesting that integration of
faculty research into these courses had a direct and positive
impact on faculty research productivity. This overlap of teach-
ing and research matches with the synergism between teaching
and research observed at other liberal arts institutions, reinforc-
ing a major benefit identified by other CURE faculty from inde-
pendent CUREs (Brownell and Kloser, 2015; Shortlidge et al.,
2016). Such benefits require that faculty research be easily inte-
grated in a CURE format, which was one impediment men-
tioned by other CURE faculty (Lopatto et al., 2014; Shortlidge
et al., 2016). The success of CHEMBIO and BIOCHEM, in par-
ticular, in producing publication and presentation outcomes
may be related to the direct overlap between scientific goals
from the two courses in which intellectual and experimental
continuity between these two courses amplified faculty bene-
fits. Finally, in terms of student participation, each faculty
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TABLE 3. Research productivity of each of the faculty members teaching the NEURO, BIOCHEM, and CHEMBIO courses was measured
during the 3 years (Fall 2009—Summer 2012) before course implementation (PRE) and during the 3 years (Summer 2013—-Spring 2016) after
all three courses had run one time (POST)

Research students Publications with students Presentations with

Faculty per semester Publications (CURE) Presentations students (CURE)
member PRE POST PRE POST PRE POST PRE POST PRE POST
1 41+19 6.6 £ 1.4* 1 2 0 2 (1 + 1in prep) 13 43 13 41 (7)
2 6.4+3.7 7.3+24 1 7 1 7 (6) 29 58 27 57 (35)
3 22+1.2 3.6+18 2 3 0 3 (3 + 1in prep) 6 18 5 17 (16)
Total 12.8+48  17.4+4.8%* 4 12 1 12 (10 + 2 in prep) 48 117 48 115 (58)

Research productivity was measured using the following metrics: 1) mean number of students per semester doing independent research in the faculty member’s labora-
tory; 2) total number of faculty member publications (articles were included if they were in print, accepted, or submitted and under revision at peer-reviewed journals);
3) total number of faculty presentations or faculty-sponsored student presentations at regional or national undergraduate or full scientific conferences. In addition, the
numbers of both publications and presentations with student coauthors are provided, and the number of student—faculty coauthored publications that arose directly from
CURE-related research is shown in parentheses. Statistical comparisons were done on the mean numbers of research students per semester pre- and postcourse imple-

mentation.
*p < 0.05 for postcourse numbers compared with precourse values.
**p = 0.01 for postcourse numbers compared with precourse values.

member directly assimilated multiple students from one of the
CUREs into his/her research lab and can attest to the increased
intellectual and experimental preparation of the CURE students
for this work.

Overall, from our experience as CURE faculty, this teaching
and learning model was beneficial for both student learning
and engagement, as well as for the productivity of faculty with
significant commitments to both teaching and research
(Shortlidge et al., 2016). Major indirect benefits of the CUREs
for faculty have been the development of new research direc-
tions and self-continuation of the research courses through
preliminary data from students’ independent projects, illus-
trating broadened faculty research interests and directions
from CURE participation (Shortlidge et al., 2016). These find-
ings lend credence to the suggestions made in several recent
reports that incorporation of faculty research into classroom
laboratories may help overcome the limits of time and institu-
tional support for faculty balancing significant research and
teaching duties (Darden, 2003; Kloser et al., 2011; Miller
et al., 2013; Lopatto et al., 2014). Much like the benefits
ascribed to a strong central support system for implementa-
tion of multi-institution CUREs (Lopatto et al., 2014), our
experiences with three collaboratively designed CURES pro-
moted shared research and pedagogical resources that eased
the burden on individual faculty members running each
course. These benefits also match with the reimagining of
teaching and research proposed by Boyer (1990), so that
teaching is not merely a teaching load but rather an integra-
tive mixture of teaching and research that fuels ongoing
advancement in teaching and research. Further, the benefits
of our collaborative CUREs extend beyond the context of these
courses, as we have experienced overall increased interde-
partmental collaboration, perhaps the best example of which
is the plan currently underway for shared interdepartmental
molecular life science research and teaching space in our insti-
tution’s new science facility. We anticipate additional collabo-
rations in teaching and research will result from our future
proximity and shared interests. Additionally, as a result of the
success of our efforts to incorporate independent research
projects in our collaborative CUREs and the growing interest
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of other faculty in developing research-based lab courses, the
Department of Biological Sciences recently adopted a policy in
which upper-division lab courses will incorporate some inde-
pendent project work.

Challenges to Implementation

Mirroring previous CUREs, our faculty and student benefits
from CURE participation were not without faculty challenges to
implementation and successful outcomes (Kloser et al., 2011;
Lopatto et al., 2014; Shortlidge et al., 2016). For our CURE
design, faculty research directions had to be realigned to fit
more closely to a standard laboratory session, to match with the
budgetary framework available for the courses, and to maxi-
mize student success on course projects (Shortlidge et al.,
2016). One approach we used to overcome these hurdles and to
minimize initial faculty input was to design each individual
CURE laboratory with a parallel structure and framework to
previous CURE laboratories, for example, protein structure
manipulation by mutagenesis and parallel synthesis for library
construction (Bailey, 2009; Knutson et al., 2010a; Scott et al.,
2015). These overall structures were tweaked to incorporate
our specific experimental methods and realigned around the
central themes of mycobacterial hydrolases and neural signal-
ing. This realignment required more time, logistical support,
and financial commitment than traditional laboratories; how-
ever, the use of common molecular and cellular equipment
(PCR machines, gel-electrophoresis systems, bacterial cell cul-
ture materials, and microscopes) in all three CUREs has facili-
tated the development of other research-based courses on dif-
ferent topics within the molecular sciences.

One additional concern of particular note is that, while stu-
dents felt our CUREs were of great value in terms of their scien-
tific training, multiple students voiced frustration with the
amount of effort required for these courses relative to the
amount of credits they received (Supplemental Table S2). This
concern is valid, as students were asked to do significant writ-
ing, reading of scientific literature, poster preparation, and
some lab work outside the scheduled lab times, yet traditionally
students and faculty at many institutions like ours receive only
half-credit for time spent in the lab. Thus, while we have
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worked to minimize the lab time required outside scheduled
times or allowed group members to split responsibility for com-
pleting assigned lab tasks, the issue of workload relative to
course credits is an ongoing challenge to implementation.
Ultimately, our student and faculty outcomes and our own
personal enjoyment strongly argue that CURE design and
implementation are worth the time, effort, and resources
invested, and through our collaborative model, we worked to
minimize strain on faculty and student workloads.

Finally, small-scale CUREs such as ours also raise the ques-
tion of scalability when considering the transferability of these
courses to other institutions with higher numbers of students
per course. While we acknowledge that the cost of reagents and
access to equipment may limit the possibility of our specific
CUREs being implemented in courses with multiple sections
with larger enrollments, the design of each of our CURE:s is such
that the research project can be modified to accommodate a
range of institutions. For example, in CHEMBIO, students could
work in groups to synthesize novel fluorogenic derivatives or
groups could work in parallel to construct identical structural
modifications on different fluorophore scaffolds. In BIOCHEM,
the number of serine hydrolase enzymes and the range of
selected mutations of those enzymes could be greatly expanded,
greater redundancy could be covered in student variants, or a
single-site saturation mutagenesis reaction could be performed
to create a library for the class to collaboratively analyze. In
NEURO, a larger number (>600) of ubiquitin ligase genes are
available for student groups to screen or rescreen for their
effects on synapse structure and function, students could screen
for the effects of the same ubiquitin ligase genes on excitatory
versus inhibitory synapses, or the effects of ubiquitin ligases on
behavior rather than synapse structure could be used as a sim-
pler initial screen. Overall, although there would be a cost to
scaling up any of these CUREs, the research projects and the
reagents used are flexible and transferable for use in different
institutions.

CONCLUSIONS

In conclusion, we designed and implemented a collaborative
series of upper-division CUREs in chemical biology, biochemis-
try, and neurobiology that involve students in novel research
projects addressing questions of broad scientific importance that
are directly tied to faculty research interests and expertise. Our
combined assessments indicate that both students and faculty
benefit from participation in these courses, as students demon-
strated increased experimental design and data analysis skills
and positive attitudes about research and their own scientific
skills and retention in STEM-related disciplines. Faculty also
benefited, as we noted increased research productivity, increased
student participation in our research labs, and increased collab-
oration. This course design and implementation present a cohe-
sive CURE model of how CUREs involving collaboration among
multiple faculty across disparate scientific fields and depart-
ments can be linked across a university curriculum to provide
significant learning and career benefits to an interdisciplinary
population of students and faculty at a single institution.

With the success of the course design, implementation, and
significant student—faculty benefits, we envision future expan-
sion and improvements in course design and assessment. In
addition to strengthening current links, we envision expanding
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this series to include other collaborative upper-level courses
such as bioinformatics, molecular biology, or cell biology. We
would also like to add CURESs at lower levels of the curriculum
that students take before taking these stand-alone electives,
and more open-ended, research-based lab activities are already
being implemented throughout our curricula since the initia-
tion of our CUREs. Ideally, these courses would also be collab-
orative, such that students could continue to experience the
multifaceted approach required to solve global scientific prob-
lems and to further strengthen research and teaching ties
between the science departments.

While we would gladly support the implementation of these
specific CURESs at other institutions, including modifications to
better suit specific courses and institutions, we think that our
CUREs more generally provide a model that could be used by
faculty collaboratively teaching other sets of courses on any
number of different topics. Our experience and analysis of
these CUREs strongly support the emerging body of evidence
arguing for the substantial long-term benefits of reimagining
laboratory education to bridge the disconnect between teach-
ing and research.

ACKNOWLEDGMENTS

We thank Dr. Richard Nass (Indiana University School of Med-
icine) and Dr. Luke Lavis (Howard Hughes Medical Institute—
Janelia Farms) for experimental reagents, Dr. Anne Wilson
(Butler University) for her assistance with rubric verification
and data analysis, Dr. Lars Dreier (UCLA) for creating the orig-
inal C. elegans neuron image in Figure 1, and Dr. David Lopatto
and Leslie Jaworski (Grinnell College) for their assistance with
data collection and analysis for the CURE survey, which is sup-
ported by the Howard Hughes Medical Institute. Some strains
were provided by the Caenorhabditis Genetics Center, which is
funded by the National Institutes of Health Office of Research
Infrastructure Programs (P40 OD010440). We also thank all
of the Butler University undergraduate students in CHEMBIO,
BIOCHEM, and NEURO from Fall 2012 to Spring 2015 for their
hard work and feedback for these courses. This project was
funded by National Science Foundation-TUES award (DUE-
1140626) to R.J.J., J.R.K,, and G.C.H.

REFERENCES

American Academy of Arts and Sciences (2013). ARISE 2: Unleashing America's
Research and Innovation Enterprise, Cambridge, MA.

American Association for the Advancement of Science (2011). Vision
and Change in Undergraduate Biology Education: A Call to Action,
Washington, DC.

Auchincloss LC, Laursen SL, Branchaw JL, Eagan K, Graham M, Hanauer DI,
Lawrie G, McLinn CM, Pelaez N, Rowland S (2014). Assessment of
course-based undergraduate research experiences: a meeting report.
CBE Life Sci Educ 13, 29-40.

Bailey CP (2009). RNase one gene isolation, expression, and affinity purifica-
tion models research experimental progression and culminates with
guided inquiry-based experiments. Biochem Mol Biol Educ 37, 44-48.

Bangera G, Brownell SE (2014). Course-based undergraduate research expe-
riences can make scientific research more inclusive. CBE Life Sci Educ 13,
602-606.

Beck C, Butler A, da Silva KB (2014). Promoting inquiry-based teaching in
laboratory courses: are we meeting the grade? CBE Life Sci Educ 13,
444-452.

15:ar55, 15



J. R. Kowalski et al.

Bingol B, Sheng M (2011). Deconstruction for reconstruction: the role of pro-
teolysis in neural plasticity and disease. Neuron 69, 22-32.

Boyer EL (1990). Reconsidered Scholarship: Priorities of the Professoriate,
Princeton, NJ: Carnegie Foundation for the Advancement of Teaching.

Brownell SE, Hekmat-Scafe DS, Singla V, Seawell PC, Imam JFC, Eddy SL,
Stearns T, Cyert MS (2015). A high-enrollment course-based undergrad-
uate research experience improves student conceptions of scientific
thinking and ability to interpret data. CBE Life Sci Educ 14, ar21.

Brownell SE, Kloser MJ (2015). Toward a conceptual framework for measur-
ing the effectiveness of course-based undergraduate research experi-
ences in undergraduate biology. Stud High Educ 40, 525-544.

Buonaccorsi V, Peterson M, Lamendella G, Newman J, Trun N, Tobin T,
Aguilar A, Hunt A, Praul C, Grove D (2014). Vision and change through the
Genome Consortium for Active Teaching using next-generation se-
quencing (GCAT-SEEK). CBE Life Sci Educ 13, 1-2.

Campbell AM, Eckdahl T, Cronk B, Andresen C, Frederick P, Huckuntod S,
Shinneman C, Wacker A, Yuan J (2014). pClone: synthetic biology tool
makes promoter research accessible to beginning biology students. CBE
Life Sci Educ 13, 285-296.

Carter FD, Mandell M, Maton KI (2009). The influence of on-campus, aca-
demic year undergraduate research on STEM Ph.D. outcomes: evidence
from the Meyerhoff Scholarship Program. Educ Eval Policy Anal 31, 441—
462.

Corwin LA, Graham MJ, Dolan EL (2015). Modeling course-based under-
graduate research experiences: an agenda for future research and eval-
uation. CBE Life Sci Educ 14, esl.

Darden A (2003). Integrating research and teaching heightens value to and
of undergraduates. ASM News 69, 331-335.

Dedieu L, Serveau-Avesque C, Kremer L, Canaan S (2013). Mycobacterial lip-
olytic enzymes: a gold mine for tuberculosis research. Biochimie 95,
66-73.

Ditty J, Williams K, Keller M, Chen G, Liu X, Parales R (2013). Integrating
grant-funded research into the undergraduate curriculum using IMG-
ACT. Biochem Mol Biol Ed 41, 16-23.

Eagan MK Jr, Hurtado S, Chang MJ, Garcia GA, Herrera FA, Garibay JC (2013).
Making a difference in science education: the impact of undergraduate
research programs. Am Educ Res J 50, 683-713.

Ellis EE, Adkins CT, Galovska NM, Lavis LD, Johnson RJ (2013). Decoupled
roles for the atypical, bifurcated binding pocket of the ybfF hydrolase.
ChemBioChem 14, 1134-1144.

Filippova EV, Weston LA, Kuhn ML, Geissler B, Gehring AM, Armoush N,
Adkins CT, Minasov G, Dubrovska |, Shuvalova L, et al. (2013). Large scale
structural rearrangement of a serine hydrolase from Francisella tularensis
facilitates catalysis. J Biol Chem 288, 10522-10535.

Gardner SM, Adedokun OA, Weaver GC, Bartlett EL (2011). Human brains
engaged in rat brains: student-driven neuroanatomy research in an in-
troductory biology lab course. J Undergrad Neurosci Educ 10, A24-A36.

Hallgren KA (2012). Computing inter-rater reliability for observational data:
an overview and tutorial. Tutor Quant Methods Psychol 8, 23.

Hanauer DI, Dolan EL (2014). The project ownership survey: measuring dif-
ferences in scientific inquiry experiences. CBE Life Sci Educ 13, 149-158.

Harvey PA, Wall C, Luckey SW, Langer S, Leinwand LA (2014). The Python
Project: a unique model for extending research opportunities to under-
graduate students. CBE Life Sci Educ 13, 698-710.

Hatfull GF, Pedulla ML, Jacobs-Sera D, Cichon PM, Foley A, Ford ME, Gonda
RM, Houtz M, Hryckowian AJ, Kelchner VA (2006). Exploring the myco-
bacteriophage metaproteome: phage genomics as an educational plat-
form. PLoS Genet 2, e92.

Hedge MK, Gehring AM, Adkins CT, Weston LA, Lavis LD, Johnson RJ (2012).
The structural basis for the narrow substrate specificity of an acetyl es-
terase from Thermotoga maritima. Biochim Biophys Acta Protein Pro-
teom 1824, 1024-1030.

Howes B, Wilson AM (2015). Hidden gems: an analysis of products of under-
graduate research. Counc Undergrad Res Q 35, 38-45.

Johnson RJ, Hoops GC, Savas CJ, Kartje Z, Lavis LD (2014a). A sensitive and
robust enzyme kinetic experiment using microplates and fluorogenic es-
ter substrates. J Chem Educ 92, 385-388.

Johnson RJ, Savas CJ, Kartje Z, Hoops GC (2014b). Rapid and adaptable
measurement of protein thermal stability by differential scanning

15:ar55, 16

fluorimetry: updating a common biochemical laboratory experiment.
J Chem Educ 91, 1077-1080.

Jordan TC, Burnett SH, Carson S, Caruso SM, Clase K, DeJong RJ, Dennehy
JJ, Denver DR, Dunbar D, Elgin SC (2014). A broadly implementable
research course in phage discovery and genomics for first-year under-
graduate students. MBio 5, e01051-13.

Kloser MJ, Brownell SE, Chiariello NR, Fukami T (2011). Integrating teaching
and research in undergraduate biology laboratory education. PLoS Biol 9,
e1001174.

Knutson K, Smith J, Nichols P, Wallert MA, Provost JJ (2010a). Bringing the
excitement and motivation of research to students; using inquiry and re-
search-based learning in a year-long biochemistry laboratory: part [l—re-
search-based laboratory-a semester-long research approach using malate
dehydrogenase as a research model. Biochem Mol Biol Educ 38, 324-329.

Knutson K, Smith J, Wallert MA, Provost JJ (2010b). Bringing the excitement
and motivation of research to students; using inquiry and research-based
learning in a year-long biochemistry laboratory: part |—guided inqui-
ry-purification and characterization of a fusion protein: histidine tag, ma-
late dehydrogenase, and green fluorescent protein. Biochem Mol Biol
Educ 38, 317-323.

Kowalski JR, Dube H, Touroutine D, Rush KM, Goodwin PR, Carozza M, Didier
Z, Francis MM, Juo P (2014). The anaphase-promoting complex (APC)
ubiquitin ligase regulates GABA transmission at the C. elegans neuro-
muscular junction. Mol Cell Neurosci 58, 62-75.

Kowalski JR, Juo P (2012). The role of deubiquitinating enzymes in synaptic
function and nervous system diseases. Neural Plast 2012, 892749.

Kreiling JL, Brader K, Kolar C, Borgstahl GEO (2011). A real-time and hands-
on research course in protein purification and characterization: purifica-
tion and crystal growth of human inosine triphosphate pyrophosphatase.
Biochem Mol Biol Educ 39, 28-37.

Lavis LD, Chao TY, Raines RT (2011). Synthesis and utility of fluorogenic ace-
toxymethyl ethers. Chem Sci 2, 521-530.

Lavis LD, Raines RT (2008). Bright ideas for chemical biology. ACS Chem Biol
3,142-155.

Linn MC, Palmer E, Baranger A, Gerard E, Stone E (2015). Undergraduate re-
search experiences: impacts and opportunities. Science 347, 1261757.
Long JZ, Cravatt BF (2011). The metabolic serine hydrolases and their func-

tions in mammalian physiology and disease. Chem Rev 111, 6022-6063.

Lopatto D (2004). Survey of undergraduate research experiences (SURE):
first findings. Cell Biol Educ 3, 270-277.

Lopatto D (2007). Undergraduate research experiences support science ca-
reer decisions and active learning. CBE Life Sci Educ 6, 297-306.

Lopatto D, Hauser C, Jones CJ, Paetkau D, Chandrasekaran V, Dunbar D,
MacKinnon C, Stamm J, Alvarez C, Barnard D (2014). A central support
system can facilitate implementation and sustainability of a class-
room-based undergraduate research experience (CURE) in genomics.
CBE Life Sci Educ 13, 711-723.

Lukowski JK, Savas CP, Gehring AM, McKary MG, Adkins CT, Lavis LD, Hoops
GC, Johnson RJ (2014). Distinct substrate selectivity of a metabolic hy-
drolase from Mycobacterium tuberculosis. Biochemistry 53, 7386—-7395.

Miller CW, Hamel J, Holmes KD, Helmey-Hartman WL, Lopatto D (2013). Ex-
tending your research team: learning benefits when a laboratory partners
with a classroom. BioScience 63, 754-762.

Nadelson L, Walters L, Waterman J (2010). Course-integrated undergraduate
research experiences structured at different levels of inquiry. J STEM
Educ 11, 27-44.

National Research Council (2003). BIO2010: Transforming Undergraduate
Education for Future Research Biologists, Washington, DC: National
Academies Press.

President’s Council of Advisors on Science and Technology (PCAST) (2010).
Prepare and Inspire: K-12 Education in Science, Technology, Engineering
and Math (STEM) for America’s Future, Washington, DC: U.S. Government
Office of Science and Technology.

PCAST (2012). Engage to Excel: Producing One Million Additional College Grad-
uates with Degrees in Science, Technology, Engineering, and Mathematics,
Washington, DC: U.S. Government Office of Science and Technology.

Rowe MP, Gillespie BM, Harris KR, Koether SD, Shannon L-JY, Rose LA (2015).
Redesigning a general education science course to promote critical
thinking. CBE Life Sci Educ 14, ar30.

CBE—Life Sciences Education « 15:ar55, Winter 2016



Russell JE, D'Costa AR, Runck C, Barnes DW, Barrera AL, Hurst-Kennedy J,
Sudduth EB, Quinlan EL, Schlueter M (2015). Bridging the undergraduate
curriculum using an integrated course-embedded undergraduate re-
search experience (iICURE). CBE Life Sci Educ 14, ar4.

Russell SH, Hancock MP, McCullough J (2007). Benefits of undergraduate
research experiences. Science 316, 548-549.

Sanders ER, Moberg-Parker J, Hirsch AM, Lee PY, Shapiro C, Toma S,
Levis-Fitzgerald M (2016). Transforming laboratory education in the life
sciences. Microbe 11, 69-74.

Sarmah S, Chism GW Ill, Vaughan MA, Muralidharan P, Marrs JA, Marrs KA
(2016). Using zebrafish to implement a course-based undergraduate re-
search experience to study teratogenesis in two biology laboratory
courses. Zebrafish 13, 293-304.

Scott WL, Denton RE, Marrs KA, Durrant JD, Samaritoni JG, Abraham MM,
Brown SP, Carnahan JM, Fischer LG, Glos CE (2015). Distributed drug
discovery: advancing chemical education through contextualized
combinatorial solid-phase organic laboratories. J Chem Educ 92, 819—
826.

Shaffer CD, Alvarez C, Bailey C, Barnard D, Bhalla S, Chandrasekaran C,
Chandrasekaran V, Chung H-M, Dorer DR, Du C (2010). The Genomics
Education Partnership: successful integration of research into laboratory
classes at a diverse group of undergraduate institutions. CBE Life Sci
Educ 9, 55-69.

Shapiro C, Moberg-Parker J, Toma S, Ayon C, Zimmerman H, Roth-Johnson
EA, Hancock SP, Levis-Fitzgerald M, Sanders ER (2015). Comparing the

CBE—Life Sciences Education « 15:ar55, Winter 2016

Collaborative Series of CUREs

impact of course-based and apprentice-based research experiences in a
life science laboratory curriculum. J Microbiol Biol Educ 16, 186.

Shortlidge EE, Bangera G, Brownell SE (2016). Faculty perspectives on devel-
oping and teaching course-based undergraduate research experiences.
BioScience 66, 54-62.

Sieburth D, Ch'ng Q, Dybbs M, Tavazoie M, Kennedy S, Wang D, Dupuy D,
Rual JF, Hill DE, Vidal M, et al. (2005). Systematic analysis of genes re-
quired for synapse structure and function. Nature 436, 510-517.

Singh G, Singh G, Jadeja D, Kaur J (2010). Lipid hydrolizing enzymes in
virulence: Mycobacterium tuberculosis as a model system. Crit Rev
Microbiol 36, 259-2609.

Staub NL, Poxleitner M, Braley A, Smith-Flores H, Pribbenow CM, Jaworski L,
Lopatto D, Anders KR (2016). Scaling up: adapting a phage-hunting
course to increase participation of first-year students in research. CBE
Life Sci Educ 15, arl3.

Tian L, Yang Y, Wysocki LM, Arnold AC, Hu A, Ravichandran B, Sternson SM,
Looger LL, Lavis LD (2012). Selective esterase—ester pair for targeting small
molecules with cellular specificity. Proc Natl Acad Sci USA 109, 4756-4761.

World Health Organization (2015). 2014 Tuberculosis Global Facts, Geneva,
Switzerland.

Wu J (2013). Mutation-based learning to improve student autonomy and sci-
entific inquiry skills in a large genetics laboratory course. CBE Life Sci
Educ 12, 460-470.

Zhen M, Jin Y (1999). The liprin protein SYD-2 regulates the differentiation of
presynaptic termini in C. elegans. Nature 401, 371-375.

15:ar55, 17





