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ABSTRACT: A flexible, rigorous laboratory experiment for upper-level biochemistry
undergraduates is described that focuses on the Roundup Ready maize line. The work is
appropriate for undergraduate laboratory courses that integrate biochemistry, molecular
biology, or bioinformatics. In this experiment, DNA is extracted and purified from maize
kernel and leaf samples collected from a Roundup Ready maize grower’s field. A small
segment of DNA (108 base pairs) specific to the Roundup Ready transgene that codes for
CP4 5-enolpyruvylshikimate-3-phosphate synthase (CP4 EPSPS) is amplified with
polymerase chain reaction (PCR) to detect the presence of the gene in the maize
samples. Students additionally choose a protein closely related to CP4 EPSPS as
determined by amino acid sequence alignments. The selected amino acid sequences are
submitted to an online protein modeling program where students compare their protein
with the herbicide-resistant enzyme found in Roundup Ready crops. This experimental
paradigm gives students a physical appreciation for the central dogma of biology, as they
are exposed to products derived from the replication, transcription, and translation events belonging to a genetically modified
crop. The PCR portion of the laboratory allows students to perform an in vitro replication of a portion of the NK603 transgene
and identify the segment via ultraviolet radiation. In direct connection to the PCR portion, the protein structure elucidation gives
rise to the central ideas of evolutionthat slight changes in the genetic code of DNA, translated into proteins, produce novel
protein structures with significantly different function.
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With the controversy surrounding consumption and
growth of genetically modified crops around the

world, biochemistry and molecular biology students have
expressed increased interest in exploring genetically modified
vegetables at the molecular level. Previous undergraduate
laboratory experiments have introduced students to methods,
such as standard polymerase chain reaction (PCR), for
detecting the presence of a common transgene promoter
(cauliflower mosaic virus) in corn-meal items1 and soybean
powder.2 Some computer-based bioinformatics work is
integrated into the corn-meal experiment, which explores
weed resistance to herbicides in addition to identifying
transgenic proteins that are potential allergens. While more
in-depth bioinformatics exercises exploring PCR with various
genes3,4 and computational modeling of proteins5−8 can be
found in this Journal, these experiments often lack compre-
hensive gene-to-protein studies from the same genetic source.
The present experiment offers students the unique opportunity
to detect not only the transgene of a genetically modified crop,
but also to assess the structural characteristics of the protein
translated from the gene of interest using a combination of
bioinformatics and computational-modeling techniques.
In this experiment, students study the popular Roundup

Ready (RR) maize line developed by Monsanto Co., which is

resistant to Roundup (N-phosphonomethyl glycine, glyph-
osate) through the stable insertion of a gene from Agro-
bacterium sp. strain CP4.9 The inserted gene sequence
expresses glyphosate-tolerant CP4 5-enolpyruvylshikimate-3-
phosphate synthase (CP4 EPSPS, CP4 EPSP synthase), which
is also referred to as CP4 3-phosphoshikimate 1-carboxyvinyl-
transferase. Plants and microorganisms naturally contain EPSP
synthase, an enzyme that aids in the biosynthesis of aromatic
amino acids. Glyphosate irreversibly binds to EPSP synthases
found in many plants and microorganisms, which ultimately
prevents proper protein synthesis and leads to the organism’s
death.10 Class II EPSP synthases, including CP4 EPSPS, are
considered resistant to glyphosate most notably due to the
amino acid mutation Gly100Ala (numbering based on CP4
EPSPS) in which the methyl group of alanine prevents
glyphosate from binding effectively to the enzyme.11 Farmers
that grow RR vegetables containing CP4 EPSPS are, therefore,
able to treat their fields with Roundup, eliminating nonresistant
weeds while having no adverse effects on their crops.
This laboratory experiment aims to utilize a combination of

PCR, amino acid sequence databases, and protein modeling
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software to provide students with the opportunity to study the
RR maize line at the molecular level. The PCR portion of this
experiment acquaints students with methods to detect the cp4
epsps gene, while computational modeling of its translated
protein allows students to visualize the structure of CP4 EPSPS
as well as the characteristics that distinguish CP4 EPSPS from
EPSP synthases found in wild-type species.
Upon completion of this experiment, students will be able to

describe the importance of PCR for identifying RR maize such
as its detection in farmers’ fields and food products. Aside from
performing traditional wet lab molecular biology, students will
be able to navigate the widely used National Center for
Biotechnology Information (NCBI) databases and analyze
amino acid sequences. This experiment last focuses on teaching
students how to use programs for predicting protein structure
and function, such as the free online server I-TASSER,12 to
form a visual tie-in to sequence comparisons. Overall, the
student learning during this experiment is assessed with
questions provided in the student handout section of the
Supporting Information in addition to in-class discussions and
participation.

■ EXPERIMENTAL DETAILS
This laboratory experiment is conducted over four, 3 h class
periods. Advanced biochemistry undergraduate students
performed this experiment four times in a laboratory course
during the 2013−2014 academic year. It is recommended that
students work in groups of two or three for this experiment.
As a prelaboratory assignment, students choose a protein or

enzyme that contains a related amino acid sequence to CP4
EPSPS (GenBank accession no. AAO17037.1) by using the
NCBI Protein BLAST feature. Once students choose a protein
whose sequence is 25−85% identical to CP4 EPSPS, the
selected protein’s amino acid sequence in FASTA format is
submitted to the I-TASSER server, an online program that
predicts protein structure and function. They are notified when
the predictions are finished; however, in-depth model analyses
are set aside until the PCR portion of this experiment is
complete.
On the first day, students randomly select either one kernel

or a leaf sample to extract and purify its DNA using the Qiagen
DNeasy Blood and Tissue kit. Only RR maize samples were
provided by the instructor for this experiment. During the
second laboratory period, students use standard PCR with
primers validated by Monsanto Co. to amplify a 108 bp DNA
sequence spanning the 3′ end of the RR gene insert to the
maize genome.13 After beginning the PCR program, students
take advantage of the remaining class time to explore I-
TASSER. The third laboratory period includes analyzing the
PCR samples with agarose gel electrophoresis. Following
electrophoresis, students are free to continue working with I-
TASSER. If predictions are complete, students begin to analyze
their models and address any confusing elements at this time.
During the final day, students perform the majority of their

work with I-TASSER to compare the 3D structures of their
selected proteins with CP4 EPSPS, including analyses of the
core, binding sites, and functional residues of each protein. The
major similarities that all students should observe while
comparing their proteins are overall structural characteristics
such as domain number and exposed or buried secondary
structures. Likewise, students locate conserved and mutated
residues and assess their importance in the proteins’ structure
and function. The ultimate goal is for students to conclude

whether or not their selected protein may be resistant to
glyphosate based on their analyses. In-depth experimental
details can be found in both the student handout and instructor
notes provided in the Supporting Information.

■ HAZARDS

When handling the components used for DNA extraction and
PCR, such as buffers, proteinase K, ethanol, PCR mix, and
agarose, goggles and gloves should be worn at all times. Ethanol
is flammable and should be handled with care. If used for
agarose gel staining, ethidium bromide is a hazardous mutagen
that should be handled with extra precaution;14 however,
instructors are encouraged to use safer alternatives if they are
available. Whenever working with ethidium bromide in the
laboratory, goggles, gloves, and lab coats should be worn. If
using ultraviolet (UV) technology, protective eyewear should
be worn in the event that the instrument does not have a shield
or viewing screen.

■ RESULTS AND DISCUSSION

The PCR results obtained from the cp4 epsps gene, along with
studying the translated protein, provide a snapshot view of the
central dogma of biology. The key connection between the
PCR experiment and the modeling exercise is that the gene
associated with the PCR fragment for the CP4 enzyme is then
transferred to an RNA transcript, available in the NCBI
database,15 from which the enzyme is translated. From the
known CP4 EPSPS protein sequence, students modeled the
resulting enzyme, thereby establishing a framework of the
central dogma in transgenic species from first-principles:
replication, transcription, and translation. In conjunction with
establishing this framework, comparison of CP4 EPSPS with
wild-type EPSP synthase allowed students to observe the
changes in CP4 EPSPS that result in its resistance to Roundup.
Students completed the prelaboratory assignment prior to

the first day of bench work and made standard Protein BLAST
searches to find a comparable enzyme to CP4 EPSPS. The
predictions took approximately 48−72 h to be completed by I-
TASSER, after which students were able to access their protein
models.
Example student results of the amplified 108 bp DNA

segment specific to RR maize following PCR and agarose gel
electrophoresis are shown in Figure 1. All three leaf samples
and one kernel sample contain PCR products belonging to the
target sequence, which are typical results for this experiment.
The identity of the PCR product corresponding to the 500 bp
marker in lanes 2, 3, and 4 is unknown. The relative intensities
of the 108 bp bands in lanes 2−5 correspond to the success of
PCR for each sample, with lane 5 giving the strongest
amplification product. Overall, 17 of the 23 PCR reactions
tested by students were successful in amplifying the desired
gene.
The two samples that did not contain the desired PCR

products were most likely due to lack of the target sequence in
the DNA template or error during DNA extraction and PCR, as
the other samples clearly show amplification of the target
sequence. Successful PCR amplification from kernels was
notably less compared to leaves, which may be from mechanical
digestion that is not sufficiently thorough for intact kernels. To
increase the concentration of extracted kernel DNA available
for PCR, soaking of the maize kernels in phosphate buffer
overnight followed by glass bead homogenization would likely
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improve results. Student discussion of the results included an
assessment of which samples were RR and analysis of
differences in band brightness and base-pair size evident on
stained agarose gels. It was suggested that unexpected bands
could be due to primer dimers or nonspecific primers. In
addition to answering these questions, students brainstormed
examples of how they could use the DNA extraction and PCR
protocols in this experiment in an agriculture or food industry
setting.
After finishing the PCR experiment, students focused on

completing their I-TASSER model analyses. One student chose
to compare CP4 EPSPS (Figure 2a) with Zea mays EPSP
synthase (Figure 2b). Other EPSP synthases investigated by
students primarily belonged to bacteria species. Students
observed that CP4 EPSPS, Zea mays EPSP synthase, and
other similar proteins have two domains and fold with β-sheets
covering α-helices in a distinct pattern based on the global
views of the proteins. Each I-TASSER prediction, furthermore,
includes amino acid residues that potentially play a role in

substrate binding or catalytic activity. By isolating the binding
and catalytic amino acid residues, students directly observed
similarities and differences between the residues associated with
the ligand binding sites. Less variation among these residues
was seen in proteins that shared high sequence identities with
CP4 EPSPS, while those that contained lower identities
exhibited more variation. When comparing CP4 EPSPS to a
class I EPSP synthase, like Zea mays EPSP synthase, students
noted important mutations, such as Gly100Ala (Figure 2) and
others, that possibly account for glyphosate resistance in class II
EPSP synthases.
After aligning their amino acid sequences and completing

protein model analyses, students described the relationship
between the percent identities of the proteins. In the case of
Zea mays EPSP synthase and CP4 EPSPS, it was found that the
aligned amino acid sequences exhibited a 26% identity, with
44% of the total amino acids being at least similar. Using
evidence from sequence alignments and I-TASSER models,
most students determined that EPSP synthases naturally found
in the organisms that they investigated possess functional and
structural similarity to CP4 EPSPS despite their intolerance to
glyphosate. Out of all models tested by students, 20 of the 23
attempts at protein modeling were successful. The three
unsuccessful protein models were generated from 3-phos-
phoshikimate 1-carboxyvinyltransferases of the species Rhi-
zobium leguminosarum, Ochtrobactrum intermedium, and Agro-
bacterium rhizogenes. Because these protein models were almost
identical to CP4 EPSPS in terms of structure and predicted
binding site and functional residues, students found it difficult
to conclude that they were susceptible to glyphosate, even with
the Gly100Ala mutation. To avoid protein models that are
easily mistaken by students for being glyphosate-resistant, a
suggestion for instructors implementing this experiment is to
modify the percent identity range of student-selected proteins
to 25−75%.

■ CONCLUSION

Overall, students that performed this experiment were pleased
with its relevance to genetically modified crops and the
biotechnology field. Students enjoyed completing the bio-

Figure 1. Representative student UV visualization of amplified NK603
PCR products on a 1.2% agarose gel stained with ethidium bromide
using isolated DNA from maize leaf and kernel samples. Lanes 1 and 8,
DNA ladder; lanes 2−4, maize leaf DNA samples; lanes 5−7, maize
kernel DNA samples.

Figure 2. Overall protein structures with zoomed area of the binding sites for (a) CP4 EPSPS and (b) Zea mays EPSP synthase as predicted by the I-
TASSER server. Visualizing the key mutation from Gly101 in Zea mays EPSP synthase to Ala100 in CP4 EPSPS, depicted on the models, in addition
to analyzing the structural differences and associated residues in the binding site allowed students to determine why RR maize is resistant to
glyphosate and wild-type maize is not.
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informatics and protein modeling exercises; they stated that
their assignments with Protein BLAST and I-TASSER
complemented the hands-on laboratory work. It was generally
agreed that the visual aids and independently generated
sequence comparisons offered a complete “picture” of RR
maize that greatly enhanced their knowledge of the subject.
One student explained that “Everybody always talks about
issues with GMOs and DNA modification, but I rarely hear
about differences or similarities in the proteins that are
translated from the genes. This experiment was helpful because
it explored both the gene and protein of a GMO, which are
equally important.”
The learning goals of this experiment were to (1) provide

students with an introduction to molecular biology techniques
used to detect genetically modified crops, specifically RR maize,
(2) familiarize students with easily accessible bioinformatics
and molecular modeling resources, such as the NCBI databases
and I-TASSER, and (3) allow students to determine the
differences between a protein found in a GMO and wild-type
organisms. All three learning objectives were met with excellent
results as demonstrated by the students that performed this
experiment, and they would recommend this laboratory
exercise to future biochemistry students.
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