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Abstract: Students at the Rochester Institute of Technology and Dowling College used bioinformatics software, which they 
had helped develop, to predict the function of protein structures whose functions had not been assigned or confirmed. Over 
the course of time, they incorporated other bioinformatics tools and moved the project to the wet lab, where they sought to 
confirm their in silico predictions with in vitro assays. In this process, we saw so much personal and professional growth among 
our students that we chose to implement their approach in an undergraduate biochemistry teaching lab, which we call BASIL, 
for Biochemistry Authentic Scientific Inquiry Lab. This curriculum has now been implemented by thirteen faculty members 
on eight campuses, and we look forward to a long-range exploration of BASIL’s impact on the students who enroll in courses 
that use the BASIL curriculum.  
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STUDENT INITIATIVE LED TO DRAMATIC 
CHANGE IN OUR RESEARCH 

 
Early in my career at the Rochester Institute of 

Technology (RIT),1 a colleague shared his ideas with me 
about how to design an undergraduate biochemistry 
laboratory course that would engage the students in a 
research endeavor. Starting from his ideas, I created a 
project-based undergraduate biochemistry laboratory 
course where students purified and studied a single 
enzyme using various techniques [1]. I hoped to introduce 
a basic research component to the course with techniques 
such as site-directed mutagenesis, but was never able to 
move the students that far along with the project. At the 
same time, it was my privilege to direct independent 
research with a steady stream of inquisitive 

                                                            
1 The first‐person narrative is from the point of view of Paul Craig. 

 

undergraduate students and found that much more 
rewarding.  

In 2004, Herbert Bernstein and I began collaborating 
on a project funded by the NSF ATE program that was 
centered on using 3D visualization across the scientific 
curriculum, where we focused on molecular visualization. 
We chose to work with the PyMOL molecular graphics 
environment because it contained a number of 3D 
visualization modes. Two of the students on that project, 
both bioinformatics majors, created a simplified user 
interface for PyMOL called EZ-Viz, which was designed to 
help educators use PyMOL without having to learn 
commands in the Python language [2]. The following year, 
two additional students built ProMOL, based on the 
original code of EZ-Viz. ProMOL accesses additional tools 
in PyMOL to enable the user to create motifs of enzyme 
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active sites, then search for those motifs in any protein that 
has 3D coordinates [3]. Remarkably, these students were 
biotechnology majors with no background in 
programming, yet they taught themselves Python as they 
were developing the code for ProMOL (source code can be 
found at 
https://github.com/SBEVSL/sbevsl_migrated/tree/mas
ter/promol). These students moved us another step 
toward our goal of merging the teaching lab with 
authentic research activities by converting a teaching tool 
(EZ-Viz) into a research tool (ProMOL).  

Students in our research lab then began using 
ProMOL to predict functions for some of the >3000 
proteins in the Protein Data Bank [4,5] that are described 
as having an “unknown function,” many of which resulted 
from the Protein Structure Initiative [6]. In one of the first 
cases we studied in depth, an undergraduate student 
aligned PDB entry 3DS8 [7] against the library of enzyme 
active sites found in ProMOL and found an excellent 
alignment with PDB entry 1ORV, a porcine dipeptidyl 
peptidase which was also a serine hydrolase [8]. He 
immediately wanted to confirm his findings in the wet lab, 

so he obtained the plasmid containing the gene for 3DS8, 
expressed the protein, purified it, and analyzed it by SDS-
PAGE to confirm that the protein was pure and had the 
expected molecular weight. Initial testing with a 
QuanticleaveTM protease assay kit (ThermoFisher 
Scientific) revealed a low level of proteolytic activity. He 
decided that this was clearly not a protease, so he began 
looking for other tools to help him make a better 
prediction that he could test in the lab. The student then 
analyzed the sequence of 3DS8 using BLAST [9] and found 
some of the best sequence alignments were with the 
esterase/lipase superfamily. Further analysis within 
ProMOL revealed a very good active site alignment 
between 3DS8 and PDB entry 1TAH (Figure 1), a lipase 
with a known and well documented active site [10]. He 
then shifted his emphasis in the wet lab to test activity with 
colorimetric esterase substrates. In this process, the 
student had shifted our research from being strictly in silico 
to becoming in vitro. It was clear that his curiosity had been 
piqued by the computational discoveries, but that it would 
only be satisfied by moving to the bench to verify his 
predictions. 

 

 
Fig 1. Alignment of PDB entry 3DS8 (red) with triacylglycerol lipase, PDB entry 1TAH (white). 

The RMSD for the all atom alignment for the three active site residues (aspartate 263 in 
1TAH/aspartate 188 in 3DS8; histidine 285/histidine 222; serine 87/serine 102) was 0.42 Å.  

 
After this initial success, the students in our research 

group realized that they needed to access additional tools 
to effectively predict protein function based only on the 3D 
coordinates of protein structures. They subsequently 
developed the flow chart shown in Figure 2 that integrated 

results from BLAST [9], Pfam [11], and Dali [12] with our 
findings with ProMOL. A team of five or six students in 
our research group then analyzed >3000 protein structures 
of unknown function from the PDB, which led to >50 
promising predictions of protein function [13]. 
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Fig 2. A flowchart for protein function prediction and in vitro confirmation of enzyme activity. 

This figure was published previously [14] and is used with permission.  
 

The faculty members leading this project (Herbert J. 
Bernstein, Jeffrey L. Mills, and Paul A. Craig) noticed a 
clear pattern throughout this project over the course of a 
decade; undergraduate students began with our 
suggestions, but quickly moved beyond our suggestions 
to start asking new questions, formulating new 
hypotheses, and trying new things in the computational 
lab and in the wet lab. In our research lab, we provided the 
students with research goals and a set of tools to pursue 
those goals. In repeated cases, they pushed through the 
limits of our approach and started asking questions, such 
as: 

 
“What other things can we do with these tools?” 
“What other tools are available that we can use?” 
“What tools can we create to better pursue  
  our questions?” 
 
This was reinforced as we watched our students 

present their findings at conferences. They were 
thoughtful and effective in their presentations and 
engaged as  peers  in  dialogue  with  established  scientists; 

asking and answering questions, discussing shortcomings 
in their results or their protocols, and seeking and sharing 
insights into future directions. In one case, a junior 
undergraduate submitted an abstract to present a poster at 
the annual meeting of the American Society for 
Biochemistry & Molecular Biology (ASBMB). Based on her 
abstract, she was invited to give a talk at the conference. 
She presented her talk in a session with two established 
investigators, a post-doc, and a doctoral student. Her 
presentation was well received and she answered 
questions accurately and with confidence. Following the 
session, she asked me why I did not tell her that she would 
be the only undergraduate presenting a talk in that 
session. I assured her that I was confident in her 
knowledge of the project, her understanding of where it fit 
with the larger scientific questions being addressed in the 
session, and in her ability to handle herself in a stressful 
situation. In short, she and the other students engaged in 
this project were becoming scientists. At that point, we 
began to consider how we might extend this approach to 
a larger group of students through an undergraduate 
biochemistry laboratory course.  
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CREATION OF A COURSE-BASED 
UNDERGRADUATE RESEARCH EXPERIENCE 

 
We presented our ideas to our program officer at NIH, 

who pointed us to the NSF IUSE program. Along with 
biochemistry colleagues from other universities, we 
submitted a proposal and received some helpful guidance, 
mainly that we needed to bring more people on board. 
Through connections during a poster session at the 2014 
ASBMB national conference, we added colleagues with 
expertise in biochemistry, molecular biology, 
computational chemistry, and biochemistry education to 
our team (Table 1), and were able to win funding in the 
next round. 

 

Table 1. Faculty members and 
institutions on the project 

 

Institution Faculty Members

 Cal Poly San Luis 
Obispo 

Anya Goodman,  
Ashley Ringer McDonald 

 Hope College Mike Pikaart 

 Oral Roberts University Bob Stewart 

 Purdue University 
Trevor Anderson,  
Stefan Irby 

 RIT 
Herbert Bernstein,  
Paul Craig, Jeff Mills, 
Suzanne O’Handley 

 St. Mary’s University Colette Daubner 

 SUNY Oswego Julia Koeppe 

 Ursinus College Rebecca Roberts 

 
We are exploring a number of questions as we 

implement this laboratory experience: 
 

 Can we convert our research lab experience of 
developing scientists into a Course-based 
Undergraduate Research Experience (CURE)? 

 Can we develop methods to monitor student 
progress as scientists in a teaching lab? 

 How can we, as faculty members, learn to help 
students grow as scientists?  

 

We faced a number of initial challenges. The first 
challenge   was   communication;   the   team   consists   of 

thirteen faculty members on eight campuses in three 
different time zones. Our solution was to meet weekly in a 
video chat room hosted by BlueJeans (bluejeans.com), 
which is licensed on the RIT campus. Our second 
challenge was the creation of a uniform set of 
lab/curriculum modules that were sufficiently flexible to 
be adapted to courses on campuses with different 
schedules (semesters vs. quarters, length of lab periods, 
student availability outside of scheduled lab time), 
varying instrumentation resources, varying levels of 
expertise, and comfort in both the wet lab and the 
computer lab. We created a series of ten modules for the 
computer lab and the wet lab (Table 2). Creating the 
modules have been an iterative process over a two-year 
period (a detailed description of these modules will be the 
subject of a future manuscript). Our third challenge 
resulted from our varying levels of expertise, particularly 
with using computational tools in the lab with our 
students. During the summer of 2015, we held extended 
online conversations about the software tools for the 
project; where we discussed how to install the software, 
how the software works, and how we can teach our 
students to use it to make in silico discoveries about protein 
function. These conversations led members of our team to 
create a number of tutorials that focus on testing and 
practicing these computational techniques 
(basiliuse.blogspot.com). 

During our discussions, it became clear that our 
project fit the description of a CURE [15]. We are aware of 
several CUREs that focus on nucleic acids, including SEA-
PHAGES [16] and the Genomics Education Partnership 
[17–19], but few that focus on protein structure and 
function [20]. At that time, we also adopted the acronym 
BASIL, for Biochemistry Authentic Scientific Inquiry Lab. 
Current resources for BASIL, including student modules 
for the lab and video tutorials, can be accessed from the 
BASIL blog (basiliuse.blogspot.com). 

After the first year of the BASIL project, I conducted a 
survey of the faculty members that focused on their 
experience of transitioning to a CURE format to teach an 
undergraduate biochemistry lab. Survey questions were 
formed by discussions with Trevor Anderson and Stefan 
Irby, team members from Purdue who are biochemistry 
educational researchers, and the educational evaluators 
for the project. The results of the survey have been 
reported elsewhere [14]. Here is a brief summary of some 
of the themes that emerged from the survey:  
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 It would have been better to firmly establish the 
modules before implementing them on our 
campuses. 

 It is important to communicate regularly, 
especially when dealing with challenges, while 
installing or using the software for the project. 

 All participants were eager to share their 
experiences at national conferences of the 
American Chemical Society, American 
Biophysical Society, American Society for 
Biochemistry & Molecular Biology, and the 
Biennial Conference on Chemical Education. 

 All the team members shared enthusiasm for the

project. One stated, “I hope that this research 
approach will become the norm”. 

 All agreed that we need to formally evaluate both 
the attitudes and the learning experiences of the 
students involved in the project on our campuses. 

 
Our future plans include creating fully annotated 

instructor resources for each of the modules, formal 
assessment of student growth as scientists that results 
from this course, recruitment of additional campuses to 
implement the BASIL curriculum, and publication of our 
students’ findings in the literature on online protein 
resources.

 

Table 2. Online resources for the BASIL curriculum. 
These can be downloaded and viewed at basiliuse.blogspot.com. 

 

In vitro modules In silico modules Tutorials for in silico modules 

 Protein Expression BLAST Biochemistry Lab BLAST Tutorial 

 Protein Purification Dali Biochemistry Lab Dali Tutorial 

 Protein Concentration Pfam Biochemistry Lab Pfam Tutorial 

 SDS-PAGE ProMOL 

Introduction to PyMOL 
Introduction to ProMOL 
Motif Finder in ProMOL 
Structure Query 

 Enzyme Activity PyRX Ligand Docking with PyRX 

 
I was invited to present our project at chemistry and 

biochemistry departments on several campuses during the 
past year. On two of the campuses, I shortened my 
presentation to about 25 minutes, and then engaged the 
audience in a discussion  about  becoming  scientists.   The

audiences (25-40 people on each campus) were divided 
into groups of 4-6 people, including graduate students and 
faculty members. Each group was asked to discuss, “When 
did you first start to see yourself as a scientist?” Their 
answers are summarized in Figure 3.

 

 
Fig 3. Recollection of seminar participants of their first 

self-identification as scientists for students and faculty on two major campuses. 
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The second question for these groups was “How can 
you tell that students are growing as scientists?”. The 
groups from these two campuses gave the following 
responses, which will contribute to our future 
conversations about student growth as scientists in the 
BASIL project: 

 

 When “what” questions become “why” 
questions 

 When curiosity becomes more important than 
grades 

 When students start designing their own 
experiments 

 When students challenge the instructor 

 When students find a better model on their own 

 When students begin to engage in “what if” 
thinking 

 When students start teaching each other 
 

CONCLUSION 
 

The BASIL project emerged from the minds and 
actions of a group of undergraduate research students 
focused on predicting functions for unannotated protein 
structures. BASIL is a Course-based Undergraduate 
Research Experience that is led by faculty members on 
eight different college campuses that include several 
undergraduate liberal arts institutions, two large public 
institutions, one large private institution, and a Hispanic-
serving institution. The BASIL modules combine wet 
bench techniques that are common to most undergraduate 
biochemistry lab courses with bioinformatics skills for the 
analysis of protein structures and ligand binding to those 
structures. As a group, we will continue to refine this 
curriculum so that it can be readily implemented in a wide 
variety of campus settings. We are also committed to 
pursuing larger questions associated with this effort: 

 

 Can our CURE offer benefits of research 
experience to a larger group of students in a 
classroom setting? 

 How do we define the developmental stages of a 
scientist? 

 What are the observable characteristics that 
demarcate the transition to becoming a scientist? 

 

The authors welcome public comment on these 
questions on our blog, basiliuse.blogspot.com. 
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