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This laboratory exercise introduces students to concepts in recombinant DNA technology while accommo-
dating a major semester project in protein purification, structure, and function in a biochemistry laboratory
for junior- and senior-level undergraduate students. It is also suitable for forensic science courses focused in
DNA biology and advanced high school biology classes. Students begin by examining a plasmid map with
the goal of identifying which restriction enzymes may be used to clone a piece of foreign DNA containing a
gene of interest into the vector. From the National Center for Biotechnology Initiative website, students are
instructed to retrieve a protein sequence and use Expasy’s Reverse Translate program to reverse translate
the protein to cDNA. Students then use Integrated DNA Technologies’ OligoAnalyzer to predict the comple-
mentary DNA strand and obtain DNA recognition sequences for the desired restriction enzymes from New
England Biolabs’ website. Students add the appropriate DNA restriction sequences to the double-stranded
foreign DNA for cloning into the plasmid and infecting Escherichia coli cells. Students are introduced to com-
putational biology tools, molecular biology terminology and the process of DNA cloning in this valuable single
session, in silico experiment. This project develops students’ understanding of the cloning process as a
whole and contrasts with other laboratory and internship experiences in which the students may be involved
in only a piece of the cloning process/techniques. Students interested in pursuing postgraduate study and
research or employment in an academic biochemistry or molecular biology laboratory or industry will benefit
most from this experience.
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Cloning a gene into a vector such as a plasmid is a
method widely used in molecular biology and biochemis-
try laboratories for the purpose of transferring the gene
into another organism. The organism can then express a
gene-related protein using its own genetic machinery
possibly gaining a useful trait, such as antibiotic resist-
ance, or the expressed protein may have no benefit for
the organism. The protein generated can be extracted
from the organism for the purposes of evaluating normal
versus mutant protein function. Undergraduate laborato-
ries that use these methods in their curriculum typically
devote most of a semester to the DNA cloning and
protein purification processes leaving little time for char-
acterizing the structural and functional aspects of the
protein using biochemical instrumentation.

Lau and Robinson recently reported the use of DNA
cloning and protein purification methods in the under-
graduate laboratory curriculum as a 6–8 week ‘‘wet’’ lab-
oratory and protein bioinformatics analysis [1]. Another
group published a report detailing how they conduct a
semester-long experiment using an insect bioreactor

system to create recombinant proteins [2]. Another report
detailed a semester-long sequence to clone DNA and
evaluate protein expression levels [3]. Rasche [4] has
conducted a semester-long cloning and expression pro-
ject to produce desired site-directed mutants. Wu et al.
have conducted a semester-long project cloning and
expressing green and red fluorescent proteins [5]. Other
educators have published their work teaching students
to use computational tools to analyze DNA sequences
[6], align DNA sequences using CLUSTALW [7], introduce
DNA sequencing, mapping, and sequence analysis [8],
reinforce bioinformatics concepts in a lecture course [9],
and analyze genetic profiles [10]. Web-based bioinfor-
matics tools are also being used by numerous high
school teachers to teach students about DNA and single
nucleotide polymorphisms [11].

Students conduct a semester-long project focused on
protein purification, structural and functional characteri-
zation, and modeling in this one credit biochemistry labo-
ratory course that meets for 3 hours per week. Given
that the Metropolitan State (Metro State) College of Den-
ver Chemistry Department believes that DNA concepts
should be an integral component of the biochemistry
laboratory, this introductory in silico laboratory was
developed to introduce/review concepts related to clon-
ing DNA and expressing proteins in an organism. In the
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prelaboratory lecture, �1 hour is spent defining and
describing basic molecular biology terminology and
concepts including transcription, translation, reverse tran-
scription, reverse translation, restriction enzyme, diges-
tion, ligation, and transformation. As a part of the 2-hour
laboratory exercise, students are introduced to a useful
set of web tools including the National Center for Bio-
technology Initiative (NCBI) database, Integrated DNA
Technologies’ (IDT) OligoAnalyzer tools, a Reverse Trans-
late program and manufacturer’s websites to obtain infor-
mation about materials including restriction enzymes, a
plasmid, and competent bacterial cells with the goal of
producing a DNA sequence that could hypothetically be
introduced into the plasmid and be used to transform
competent bacterial cells.

The objective of this article is to describe the design
and implementation of a single session computational
DNA cloning laboratory in the undergraduate laboratory
curriculum for upper-level chemistry (and/or biology) stu-
dents enrolled in a biochemistry laboratory to teach them
cloning and expression techniques in silico. This labora-
tory was taught to the 12 students enrolled in one sec-
tion of the spring 2010 CHE 4350 Biochemistry labora-
tory course at the Metro State. Biochemistry laboratory
is an upper-level (junior–senior) undergraduate, one
credit, 3-hour weekly laboratory course. The prerequi-
sites include organic chemistry I and analytical chemistry,
both with the associated laboratories. The laboratory
exercise was also taught to the nine students enrolled in
the CHE 3710 Criminalistics II (DNA molecular biology for
forensic chemistry students) course laboratory also for
junior–senior students. The prerequisites include those
listed above along with organic chemistry II and the
associated laboratory.

Upper-level undergraduate laboratory courses are of-
ten constrained by limited funding resources. At Metro
State, students are charged a $6.56 per credit hour fee
for each chemistry course. The fees for this laboratory
paid by the 12 biochemistry students enrolled in this lab-
oratory totaled � $78; it is subsidized by students en-
rolled in the lecture only. This laboratory is compatible
with our budgetary constraints as the fixed costs of the
mac mini computers had already been paid by the
department and the cost of Internet access is borne by
the students of the college and the state. This laboratory
exercise requires no expensive molecular biology
reagents and is highly accessible to instructors at all
institutions, regardless of funding.

MATERIALS AND METHODS

This in silico laboratory does not require specialized materi-
als, expensive chemicals, or extensive preparation. It does
require a reliable Internet connection and student laptops or
computers via a computer or department laboratory. Whereas
most departments and schools have such resources, this is an
inexpensive laboratory to test or implement. There are no safety
hazards or disposal issues.

The used websites include: NCBI (http://www.ncbi.nlm.nih.
gov/), Expasy to access Reverse Translate (http://www.expasy.
ch/), IDT’s OligoAnalyzer (http://www.idtdna.com/Home/Home.
aspx), and New England (NE) Biolabs (http://www.neb.com/
nebecomm/default.asp). The pET-15b plasmid map and infor-

mation about competent Escherichia coli (E. coli) cells were
obtained from EMD Biosciences’ website.

The laboratory session begins with a prelab lecture defining
and integrating processes used in cloning a gene including tran-
scription, translation, reverse transcription, amplification, diges-
tion, ligation, transformation, induction, reverse translation, and
expression. The processes are correlated with the enzyme,
chemical or treatment (e.g. RNA polymerase, ribosome, reverse
transcriptase, DNA polymerase, restriction enzymes, ligase,
heat shock/snap cool, IPTG) used for the action. Students
begin the exercise by accessing the NCBI website to obtain a
protein sequence, specifically 1TJB [12] by typing 1TJB in the
search box and searching ‘‘Protein.’’ They are instructed to re-
cord their results in a text file on the computer including the
‘‘GI’’ accession number for the chain selected (A or B) and
the protein sequence obtained by scrolling to the bottom of the
page to the word ORIGIN where the one letter code protein
sequence is found. The Expasy website is used to access Pro-
teomics: DNA to protein: Reverse Translate to reverse tran-
scribe the protein (a peptide in this example) to cDNA by past-
ing the peptide sequence in the box in FASTA format (>name)
in place of the sample sequence and clicking submit. The most
likely codon DNA sequence (first one given) is also recorded
into the text file. The protein sequence is pasted into the box in
IDT’s OligoAnalyzer tools: OligoAnalyzer 3.0 and clicking ‘‘Ana-
lyze’’ using the default parameters creates the DNA comple-
ment and outputs the GC content and melting temperature.
Students compute the DNA self-dimers and hairpin secondary
structures using the other buttons and default salt parameters.
These results are added to the text file. Using the given plasmid
map for the pET-15b vector, students choose two of the three
restriction enzymes for cloning the foreign DNA sequence into
the multiple cloning site in the correct orientation. Upon select-
ing the restriction enzymes necessary to clone the DNA
sequence of interest, the students obtain the cleavage sequen-
ces for the restriction enzymes from the website of New Eng-
land Biolabs and record these in their text file. In the text file, to
the double-stranded DNA sequence that corresponds to the
17-mer peptide, students add the restriction enzyme recognition
sequences so that the foreign DNA and plasmid can be
digested with the two restriction enzymes and the foreign DNA
can be covalently added into the multiple cloning site by ligation
in the correct orientation using DNA ligase. The DNA molecule
can be chemically synthesized and purchased from IDT (or
another company) as an oligo (54% full length) or as an ultramer
(83% full length) with or without further HPLC or PAGE purifica-
tion options. The 63-mer 100 nmol DNA oligo with PAGE purifi-
cation resulting in 90% full length product would cost less than
$80 USD from IDT. Competent E. coli cells infected with the
plasmid by transformation can be induced to express the pro-
tein. Students submit this sequence and all prior web results
recorded in the text file to the instructor as part of their labora-
tory reports. Students are also instructed to answer the postla-
boratory questions about the laboratory and prelaboratory lec-
ture in their laboratory report.

Student Feedback

Student feedback was assessed using an in-house, written
questionnaire during the final Biochemistry laboratory period in
which semester-long project papers were collected and the final
weekly quiz (5-question multiple choice) was taken. The same
questionnaire was given with the overall course evaluation in
the Criminalistics II course 2 weeks prior to the final exam. All
of the students in these two courses were successful although
a few students earned low grades as a result of missing labora-
tories, reports, and quizzes. Overall, students found the labora-
tory to be as challenging as expected with half of the students
finding it more difficult and half easier in terms of both ease of
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execution and analyzing the data. Interestingly, 80% of the stu-
dents who rated the data analysis as more difficult than
expected were taking the Biochemistry laboratory course. As
an instructor, I observed that some students are more comforta-
ble with computers and the World Wide Web than others.
Whereas some students navigated the procedure and sites eas-
ily, others were frustrated with the navigation. Students reported
that they liked the experiment and learning the procedure for
cloning a gene from obtaining a protein of interest to expressing
it in cells. Some especially liked that it was a computer-based
laboratory that gave them the opportunity to learn the use of
web-based computational biology tools. One reported that it
was different from what ‘‘we get to do in most classes.’’ Some
students recommended altering the instructions whereas others
suggested changing ‘‘nothing.’’ One student recommended per-
forming the exercise as a class demo. The students’ prior aca-
demic experience was varied: some students were seniors
majoring in biology whereas others were chemistry majors who
took their last biology class in high school. Some students indi-
cated a desire for more background in biology/genetics. Many
found direct applications to their research projects in their
internships or jobs.

DISCUSSION

Given that most biochemistry courses are focused on
metabolism, proteins, and enzyme kinetics, this exercise
is a rapid way to expose students to modern DNA princi-
ples. Although the students do not perform every step
of a cloning procedure as a wet laboratory sequence,
they become familiar with the terminology, steps, and
reagents necessary to clone a gene in an organism such
as E. coli (e.g. BL21 (DE3) cells or a version that will
better incorporate rare amino acids) through the prelab
lecture and laboratory exercise.

A procedural flow chart for the in silico DNA cloning
laboratory exercise is shown in Figure 1. Searching the
NCBI website for 1TJB yields two accession numbers,
GI:157880211 and GI:157880212, corresponding to the
two chains observed in the x-ray crystal structure of this

17-mer peptide [12]. Upon scrolling to the bottom of the
entry, students can locate the sequence in one-letter
code, YIDTNNDGWYEGDELLA, after the word ‘‘ORIGIN’’
(Table I). Students are instructed to use a text editor or a
word-processing program to collect this and the subse-
quent data outputs from each web program and data-
base (Fig. 1) for the typed laboratory reports required
postlab. Next, students were directed to the Expasy
website to the proteomics: DNA to Protein ‘‘Reverse
Translate’’ program to reverse transcribe the peptide by
pasting the sequence into the box and using the Fasta
format to the corresponding cDNA for E. coli. The stu-
dents copied the resulting nucleotide sequence of most
likely DNA codons to their text file; the expected output
for a 17 amino acids is 51 nucleotides (Table I). Pasting
the DNA sequence into the search box of IDT’s OligoA-
nalyzer tool yielded the complementary DNA sequence
for the double stranded molecule and the 68.5 8C melting
temperature for the sequence, 47.1% GC content,
299.71 kcal/mol maximum Gibbs free energy and 28.8
kcal/mol for the best homodimer, and one hairpin struc-
ture with a melting temperature of 38.8 8C (Table I). DNA
forms secondary structures including the homodimer and
hairpin due to self-complementarity. The amount of heat
that is needed to melt these structures is typically given
as the Gibbs free energy. This value can be related to
the temperature using the thermodynamic relationship
DG ¼ DH 2 TDS. The presence of homodimer and hair-
pin structures produced by intermolecular or intramolec-
ular interactions can yield low insertion and poor or no
product yield. The DG value represents the energy
required to break the secondary structure and is related
to the temperature needed to denature the structures.
The larger the DG value, the more stable the homodimer
and hairpin and more problematic for cloning. At Metro
State, the students are given the pET-15b plasmid map
at the beginning of the laboratory. Alternatively, it can be

FIG. 1. Procedural flow chart for the in silico DNA cloning laboratory exercise.
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downloaded from EMD Biosciences website by search-
ing ‘‘pET-15b.’’ The plasmid map shows the multiple
cloning site DNA sequence in the box at the bottom of
the file. The recognition sequences for the restriction
enzymes BamHI, NdeI, and XhoI found in the multiple
cloning site of pET-15b are also given in Table I. Students
add the sequences to the 51-mer DNA double strand
using any of the following combinations: 50 NdeI and 30

XhoI, 50 XhoI and 30 BamHI, or 50 NdeI and 30 BamHI to
equally clone the ‘‘foreign DNA’’ into the plasmid in the
proper direction (Table I). Students will ask if they can
use one restriction enzyme; a single restriction enzyme
will not allow control of directionality as the peptide can
be added in either orientation. E. coli cells infected with
the plasmid will express the protein. Because this is a
computer-based laboratory exercise, the student and in-
structor data are identical with the exception that the
students’ choice of restriction enzymes to use for the
cloning may vary as indicated above.

Students follow the instructions contained in the sylla-
bus for writing concise weekly laboratory reports (and a
final, cumulative research paper in Biochemistry labora-
tory worth 10% of the laboratory grade in that course).
Laboratory reports total 70% of the laboratory grade
earned by the students. Student laboratory attendance is
required to submit a laboratory report for each laboratory
experiment. In short, students prepare sections including
the title, preparer, partners, date, objective, method, data
(in this case, computer-generated data recorded in the
text file), analysis and results, sample calculations, dis-
cussion and answers to postlab questions, and a conclu-
sion. Students are also graded on their performance on
weekly, postlab, five-question, multiple-choice quizzes
which account for 30% of the students’ earned grades.
In lieu of providing a make-up laboratory period and cir-

cumventing scheduling issues (or a low-earned grade on
a quiz and report), the grade for one each quiz and
report is dropped for each student in each laboratory.

The postlaboratory questions are used to cement the
procedure for cloning a gene and evaluate learning from
the prelaboratory lesson on the same topics. Students
are asked to define and describe the meaning of the
terms transcription, translation, reverse transcription,
amplification, digestion, ligation, transformation, induc-
tion, reverse translation, and expression and indicate
which enzyme, chemical or treatment (e.g. RNA polymer-
ase, ribosome, reverse transcriptase, DNA polymerase,
restriction enzymes, ligase, heat shock/snap cool, IPTG)
is used for the action. Students also respond to ques-
tions about the OligoAnalyzer output including the per-
cent GC content, melting temperature, Gibbs free energy
for hairpins and self/homo dimers (Table II).

Projects for understanding metal ion binding specificity
are being pursued in my laboratory; this peptide is an
excised EF-hand segment from Troponin C that binds a

TABLE I
Sample student/instructor data

Website Molecule Data

www.emdchemicals.com/
life-science-research

Plasmid pET-15b

www.ncbi.nlm.nih.gov Protein NCBI accession number 157880211 or 157880212
ORIGIN Sequence 1-YIDTNNDGWYEGDELLA-17

expasy.org/tools DNA Most likely sequence 50-TATATTGATACCAACAACGATGGCTG
GTATGAAGGCGATGAACTGCTGGCG-30

arep.med.harvard.edu/labgc/
adnan/projects/Utilities/revcomp

DNA Complement 30-ATATAACTATGGTTGTTGCTACCGACCA
TACTTCCGCTACTTGACGACCGC-50

www.idtdna/analyzer/applications/
oligoanalyzer

GC content 47.1%

Melting temperature 68.5 8C
Restriction

www.neb.com enzymes Recognition sequences
Bam Hl 50-G0GATCC-30

30-CCTAG0G-50
Xhol 50-C0TCGAG-30

30-GAGCT0C-50
Ndel 50-CA0TATG-30

30-GTAT0AC-50
Foreign Possible solution:

50-Ndel and 30 Xhol
DNA 50-CA0TATGTATATTGATACCAACAACGATGGCTGG

TATGAAGGCGATGAACTGCTGGCGC0TCGAG 30
30 GTAT0ACATATAACTATGGTTGTTGCTACCGACCA

TACTTCCGCTACTTGACGACCGCGAGCT0C 50
www.emdchemicals.com/

life-science-research
Bacterial
Cells

E. coli BL21 (DE3)

TABLE II

Post-laboratory study questions

Post-laboratory study questions

1. Define the following terms using a biochemistry textbook:
transcription, translation, reverse transcription, reverse
translation, amplification, digestion, ligation,
transformation, induction, and expression.

2. For each of the terms above, state what enzyme, chemical
or treatment (if any) is used for the action.

3. Define and describe the meaning of the GC content.
4. Define and describe the meaning of the melting

temperature.
5. Define and describe the meaning of the Gibbs free energy

for the self dimer and hairpin structures. Would the
recorded values impede the cloning of this gene?
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calcium ion. It was used as a starting point for computa-
tional redesign and evaluation of two mutants [13]. The
laboratory sequence for the semester follows the theme
and focuses on another EF-hand calcium-binding pro-
tein, parvalbumin. These techniques are used prepare
proteins, especially site-directed mutants, to answer
questions about protein structure and function [14–16].
Other instructors have reported their use of these techni-
ques with undergraduates in the ‘‘wet’’ laboratory to
clone the Oryzacystatin I gene from rice into the pET28a
expression vector using the restriction enzymes NdeI and
EcoRI and to ligate a target DNA into a GFP expression
vector [17, 18]. The in silico laboratory could be easily
adapted to another protein of interest to complement
other instructors’ laboratory emphases.
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