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Objective. To incorporate structural biology, enzyme kinetics, and visualization of protein structures in
a medicinal chemistry course to teach fundamental concepts of drug design and principles of drug action.
Design. Pedagogy for active learning was incorporated via hands-on experience with visualization
software for drug-receptor interactions and concurrent laboratory sessions. Learning methods included
use of clicker technology, in-class assignments, and analogies.
Assessment. Quizzes and tests that included multiple-choice and open-ended items based on Bloom’s
taxonomy were used to assess learning. Student feedback, classroom exercises, and tests were used to
assess teaching methods and effectiveness in meeting learning outcomes.
Conclusion. The addition of active-learning activities increased students’ understanding of fundamental
medicinal chemistry concepts such as ionization state of molecules, enzyme kinetics, and the signifi-
cance of protein structure in drug design.
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INTRODUCTION
A molecular level understanding of how a drug works

and what it targets are important factors in comprehend-
ing the beneficial effects of a drug. Knowledge of how the
drug interacts with its target also is important in deciding
the therapeutic approach for a patient. The dosage of a
drug and its in vivo efficacy are influenced by how strongly
the drug binds to a receptor,1 its solubility, and other bio-
pharmaceutical properties. These properties depend on the
structure of the drug and its interaction with its receptor. The
main molecular targets of drugs are proteins. Traditionally,
medicinal chemistry is taught based on the knowledge of
the physicochemical properties of the drug itself, and the
interaction of drugs with proteins/enzymes is discussed
in terms of enzyme kinetics. Many crystal structures of
drug/drug-like molecules as their complexes with pro-
teins have been elucidated. These crystal structures give
insight into properties of drugs and their interactions with
receptors in atomic detail. The affinity of a drug for its
receptor and possible modifications of the structures for
improved affinity toward the receptor are explained in
terms of 3-dimensional (3D) structures. Apart from small

molecule drugs, many bio-drugs, such as protein and pep-
tide drugs, are now on the market for therapeutic purposes.
At present more than 130 such bio-drugs have been ap-
proved by the Food and Drug Administration (FDA) and
many more are in development.2

In the mid-1980s and 1990s, the drug discovery ap-
proach was changed from a traditional approach to a tar-
get-based approach.3 In the traditional approach, possible
therapeutic agents are first identified by randomly screen-
ing tens of thousands of natural products and synthetic
chemicals for biological activity. When a lead compound
with potential therapeutic value is found, structural mod-
ifications are done, and structure-activity correlations are
characterized. However, in rational approach to drug de-
sign, the cause of the disease and the enzyme receptor or
other macromolecular target responsible for biochemical
dysregulation are identified first. Information about the
structure of a drug receptor, often along with the structure
of its endogenous ligand(s), is studied to identify or design
new drug molecules. This new approach requires detailed
knowledge of drug targets/receptors and their interactions
with drugs. The effectiveness of this approach will be seen
in the next 5 to 10 years and seems destined to be compel-
ling, dependent only on the availability of clinical devel-
opment resources.

With the rapidly increasing emphasis on the discovery
and development of bio-drugs and rational drug design,
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detailed protein structure and function play a major role in
drug design and discovery. Protein structures are now con-
sidered in the drug discovery process in such detail that the
pharmacodynamics properties of a new molecular entity
are purposefully designed into its structure. Teaching and
understanding of molecular mechanisms in terms of de-
tailed protein structure are largely limited to structural bi-
ologists and protein chemists at higher education levels,
mainly doctoral programs.

Major changes are occurring in pharmacy curricula in
response to these scientific advances and their current and
anticipated impact on pharmacotherapy decisions, resulting
in a substantial paradigm shift in the way we teach/study
drug-target interactions, and the way in which the dynamics
of these interactions dictate pharmacotherapeutic choices.
Combined knowledge of the drug and the 3-dimensional
(3D) structures of the proteins (enzymes, receptors, trans-
porters, biotransforming enzymes), including their chemis-
try, biochemistry, and structural biology, are needed to fully
describe the properties of a drug. Achieving such a signifi-
cant paradigm shift with respect to content and concepts
requires that we begin to adopt new instructional methods
in the classroom and teaching laboratory.4,5 According
to 2007 Accreditation Council for Pharmacy Education
(ACPE) guidelines, biomedical and pharmaceutical sci-
ences should have a clear emphasis in the pharmacy curric-
ulum, and a foundation of this knowledge is important for
students to become competent pharmacy practitioners.

This report describes a strategy for teaching in-depth
knowledge of structure, intermolecular forces, enzyme
function, and kinetics to doctor of pharmacy (PharmD)
students. The objective of this particular teaching method
is to incorporate structural biology, enzyme kinetics, and
visualization of protein structures in a medicinal chemistry
course to teach fundamental concepts of drug design and
principles of drug action. The topics are taught with the
aim of meeting specific outcomes and competencies with
regard to the structural and functional characteristics of
important molecular targets of drug action as these relate
to optimizing pharmacotherapy decisions. On the basis of
this knowledge, students should be able to understand the
clinical significance of the design and development of
drugs. Specifically, the 3 expected pharmacy-related out-
comes are the ability to:

d Describe the structural and functional character-
istics of important molecular targets of drug ac-
tion: receptors, enzymes, nucleic acids, excitable
membranes, transporters, and other biomole-
cules.

d Given the chemical structure of a drug molecule,
describe and apply to the solution of therapeutic
problems its acid/base properties, water solubility,

chemical stability, and stereochemical proper-
ties.

d Describe the types and bonding strengths of in-
termolecular forces that occur between a chemi-
cal compound and its receptor or enzyme binding
site.

DESIGN
The methods described in the article were used in the

initial medicinal chemistry course for PharmD students
at the University of Louisiana at Monroe from 2006-2009.
During 2006-2008, the course was taught as an introduc-
tory biochemistry course, with emphasis on the structure
of biomolecules and enzyme kinetics. With changes in the
curriculum in the fall of 2009, principles of drug action
and metabolism were incorporated in an integrated style,
along with the structure and function of biomolecules. The
methods described herein focus only on teaching the struc-
ture of proteins, ligand-receptor interactions, enzyme kinet-
ics, and therapeutically relevant drug design in the course
Medicinal Chemistry I (2006–2008) or Principles of Drug
Action I (2009). Medicinal Chemistry I was a 3-credit
course that met 3 hours per week; Principles of Drug Action
I was a 5-credit semester-long course that met 5 hours per
week. Students had completed at least 2 years (3 years for
the 2009 cohort) of undergraduate courses before entering
the PharmD program. All students were required to bring
a laptop with access to a wireless network connection to
class. Along with this, a module was incorporated into an
integrated laboratory course to illustrate, reinforce, and ex-
pand the concepts learned in the classroom. For laboratory
exercises and in the classroom, PyMol software (DeLano
Scientific LLC, San Carlos, CA) enabled the visualization
of the 3D structure of molecules.6 The instructional strate-
gies used in the course included lectures, visualization of
structures using computer graphics, interactive sessions us-
ing clickers, discussion sessions, and laboratory sessions.

The topics for the first part of the course included in-
termolecular forces; identification of functional groups and
structural moieties, including the component amino acids;
and ionization states. The topics for the second part of the
course included the structure of proteins, function of pro-
teins, allosteric proteins, and details of the structure and
function of hemoglobin and myoglobin. Topics for the third
part were enzymes, enzyme kinetics, allosteric enzymes,
and enzyme-based drug design. In this segment, key con-
cepts of association, dissociation, and kon, koff, Ki, and Kd

and their importance in drug action and relationships to
intermolecular forces were presented and reinforced.
Laboratory sessions were conducted after the topics were
covered in the classroom. For laboratory sessions, the
students were assigned to groups of 20 to 25 students. In
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the laboratory sessions, students visualized protein struc-
tures in detail with an emphasis on structure-function re-
lationships, and intra/intermolecular forces, and solved
graphical problems in enzyme kinetics with the use of
data from enzyme kinetics experiments.

Evaluations consisted of 3 or 4 tests, 6 quizzes, and
some laboratory exercises, along with class work. After
the completion of the lecture/learning of each topic in the
classroom, ‘‘reflection’’ or review sessions were con-
ducted. Students were given time to reflect on the topics
learned and time to correct their misconceptions through
open discussion. Blackboard and Moodle Web-based
learning technology tools were used for the course material
and communication with students. Practice questions were
posted on the Web for students to test their understanding.
During the course schedule, some key concepts were re-
iterated in the class so that students would retain this
knowledge and adjust their depth and breadth of under-
standing as the course topics progressed. A classroom re-
sponse system (clickers) was used to make the class
sessions interactive.7 Tests consisted of questions ranging
in format from true/false and multiple choice to open-
ended questions, based on Bloom’s taxonomy.8

Ligand-Receptor Interactions

Intermolecular forces, ionization state, and 3D
structure of proteins. The nature of the interactions
of a drug with a biological macromolecule under phys-
iological conditions ultimately impacts drug dosage
regimens.1,9-11 Within the first parts of the course, the
concepts of noncovalent interactions in the molecules
and their distance-dependences were taught and subse-
quently refreshed regularly. Most students with 2 years
of undergraduate courses have at least superficial knowl-
edge of these fundamental concepts; however, when they
are faced with practical problems, many students fail to
recognize, or have difficulty in distinguishing, some of
the interactions. Different functional groups of the drugs
and possible interactions (hydrogen bonding, charge-trans-
fer, hydrophobic, etc) were illustrated in the classroom, and
students were asked to identify the interactions involved.
Take-home exercises were given to provide in-depth
knowledge of these interactions. The principles of these
interactions were demonstrated in the structure of proteins.

The ionization states of molecules related to pKa
values were taught on the basis of ‘‘learn until you get
it.’’12 Students were given structures of different amino
acids and had 5 minutes of class time to write the ioniza-
tion states of the amino acids at different pH values. When
studying the allosteric effect of hemoglobin binding to
oxygen, students were given the structures of His146

and Asp94. They were asked the question, ‘‘how is the
hydrogen bonding affected at high pH?’’ Students were
asked to write down the ionization state of histidine
at different pH values and think critically about how
a change in pH can lead to loss of a proton and consequent
destabilization of the protein. After this exercise, students
were asked to view the 3D structure of hemoglobin.

Kd, Ka, kon and koff. Students quite often struggle to
understand the relationship between Kd, kon, koff, and af-
finity values. On rates and off rates have rapidly gained
a fundamental role in the drug creation process, as well as
in the better understanding of the pharmacodynamics of
already marketed drugs for the purpose of optimization of
treatment. For pharmacy students, this means that gaining
an understanding of the relationship of these parameters
to the dosing regime of a drug is essential. One example
that can be used to correlate Kd values, pharmacodynamics,
and in vivo efficicacy is provided by a pair of angiotensin II
antagonists. Losartan and candesartan are angiotensin II
type I receptor (ATR1) antagonists which are used to con-
trol blood pressure.1,13,14 In vitro activity suggests that
candesartan binds to ATR1 receptor with a Kd value of
7 nM, whereas losartan binds with a Kd value of 350 nM.
Candesartan is known to have significantly longer ligand:
receptor dissociation half-life compared to losartan. Clin-
ical efficacy of losartan and candesartan in hypertensive
patients suggested that candesartan produced significant
reduction in blood pressure at lower doses (16 mg per
day) compared to losartan (100 mg per day). Thus, the
much smaller Kd value with which candesartan binds its
receptor and longer residence time (dissociative half-life
of greater than 60 minutes for candesartan compared to
losartan with 5 minutes) at the receptor can be directly
correlated with clinical outcomes of a drug molecule. The
development of losartan and candesartan from imidazole-
5-acetic acid analogues and S-8308 also illustrates how
functional groups were modified in the molecule to fit into
the enzyme cavity and to improve the lipophilicity and oral
absorption, which lead to improved in vivo activity.13-15

In teaching these concepts, basic chemical kinetics
were reviewed, followed by a clear definition of kon and
koff, and then illustrations with examples of numerical
values. Students were shown a table of mean lifetimes of
different protein-ligand complexes with different Kd and
kon values from the published literature.9 Using a class-
room response system, they were asked questions regard-
ing which one would have stronger binding. To reinforce
this concept, students were also shown decay curves of
protein-ligand complexes, how the protein-ligand com-
plex breaks down with time, and how that behavior is
related to the Kd value. The concept that given similar on-
rate values, the longer a ligand stays1 with a protein the
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smaller is the Kd value (ie, higher affinity) was delivered
with a question-answer session using clickers. The con-
cept was also taught with a more tangible analogy of ball-
room dancers, where each pair will dance slowly or fast
and change partners fast (analogy to off-rates), in which
case the mean lifetime of dancing together, and corre-
spondingly the affinity, is less. Finally, a table of Kd values
of ligand-receptor complexes from the literature was pro-
vided (ranging from 10�2 to 10�10 M), and students were
asked to judge which one would be the best ligand for a
protein to be a drug candidate. At this stage, students were
asked to visualize protein-ligand complexes using Pymol,
and carefully scrutinize such noncovalent interactions as
hydrogen bonding and hydrophobic interactions, and con-
clude that the number and strength of such interactions
governs the Kd value of the ligand-receptor interaction
(along with desolvation and entropy aspects discussed in
the course). Relationships between Kd, 3D structure, and
intermolecular forces were demonstrated in the classroom
with the example of the avidin-biotin complex. Students
were provided with a table of different Kd values ranging
from 10�3 to 10�11 M from the literature and then shown
the Kd value for the biotin-avidin interaction, 10�15 M.
The 3D structure of biotin-avidin was shown (protein data
bank [PDB] ID, 1AVD). After visualizing the 3D structure
of the biotin-avidin complex (Figures 1 and 2), and identi-
fying the hydrogen bonding and hydrophobic interactions
between ligand and receptor, the students noted the stabil-
ity of biotin in the cavity created by the amino acids in
avidin. The students were again redirected to the role that
affinity contributes in dictating the potency of the drug
candidate, and thus, the dosage of the drug necessary for
therapy. The noncovalent binding forces between protein-
ligand complexes are strong enough to hold the drug for
a certain period of time and permit it to have a desired
physiological effect, but weak enough to allow the drug
to leave the receptor site after it exerts its effect.

Michaelis-Menten Kinetics. After teaching the
class on the basic concepts concerning enzymes and en-
zyme kinetics, the Michaelis-Menten equation was intro-
duced. The following points were clarified with the
exampleofa marbleexperimentdescribedbyRungeetal16:
physical meanings of Km and Vmax, turnover number, and
obtaining Km and Vmax values using a reciprocal plot. In the
marble experiment, 2 plastic containers (1 and 2) are used.
A student (acting as an enzyme with eyes closed or blind-
folded) transfers the marble (substrate) from plastic con-
tainer 1 to plastic container 2 (the product). The catalytic
event is the transfer of marbles. If there are fewer marbles
in container 1 (low substrate concentration, S), the student
has to find them first and transfer them to container 2. If
there are too many marbles (high S) in container 1, the

student can find them easily; however, the rate of transfer
is limited by how fast his hands can move to transfer the
marbles.

The physical meaning of Km, where it represents
50% of the enzymes occupied by substrate, was clarified.
One of the important concepts that was clarified by the
marble experiment was why, at higher concentrations of
substrate, an enzyme reaches saturation. After demon-
strating the marble experiment,16 students identified that
if the number of enzymes remains constant and, the sub-
strate concentration is high, the velocity of the reaction
must asymptotically approach a maximum. Sets of en-
zymes with different turnover numbers and Km values
were provided to students in the classroom, with opportu-
nities for them to apply their knowledge of Km values and
turnover numbers to solidify their understanding.

Figure 1. Biotin binding cavity in avidin protein demonstrat-
ing the hydrogen bonding and hydrophobic interactions.
Dotted lines show hydrogen bonding between biotin and
amino acid residues of the protein. Hydrophobic interactions
occur between aromatic amino acids and biotin aliphatic
groups.

Figure 2. Biotin in the avidin protein cavity. Non-covalent
interactions described in Figure 1 and the cavity shown in this
figure ensure the rate of kon for biotin, which leads to high
binding affinity. Students use the 3D model in the software and
rotate it to identify the interactions.
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Allosteric Effect. In available education materials,
the allosteric effect of proteins is usually shown in 2-
dimensional (2D) diagrams and plots and described in writ-
ten text. While most students grasp the concept of the allo-
steric effect to some extent, illustrating it with 3D structures
of proteins added another dimension to students’ under-
standing. Examples provided were hemoglobin and aspar-
tate transcarbamoylase structures. With hemoglobin, the
manner in which the a-amino groups at the amino termini
and the protonation state of the histidine 146 (His146) res-
idue of the b-chain affect the binding of oxygen to a heme
group that is distant from these sites was examined in depth.
Details of stabilization by hydrogen bonding and the basis
by which protein subunits turn around to cause the allosteric
effect were presented.

Laboratory Session During the years 2006 to 2008,
problems based on the topics discussed above were given
as assignments, prompting students to use the PyMol soft-
ware and Microsoft Excel to solve the problems in-
dependently. In the fall of 2009, these exercises were
incorporated into a session in a parallel laboratory class,
one of a longitudinal sequence of courses designed to re-
inforce students’ knowledge, skills, and attitudes neces-
sary for current and future pharmacy practice. In this
course, 3 laboratory sessions were conducted on the topics
of drug-receptor interactions and enzyme kinetics. In the
first session, students practiced recognizing the protein
secondary structure, hydrogen bonding, and hydrophobic
interactions. In the second session (Appendix 1), students
studied 4 examples to understand drug-receptor interac-
tions: (1) HIV protease in complex with an inhibitor; (2)
angiotensin-converting enzyme (ACE) bound with an in-
hibitor; (3) cyclin-dependent kinase with an inhibitor; and
(4) human epidermal growth factor receptor-2 (HER-2)
with each of the antibody complex drugs trastuzumab and
pertuzumab. Students were asked to identify the cofactor
zinc ion in the ACE-inhibitor complex and closely exam-
ine its interactions with the ligand and protein. After vi-
sualizing and studying the structure (Figure 3), students
had to answer the questions and complete the assignment.
During the first half of the laboratory session, students
worked independently. During the second half, discussion
among the students was permitted. In the third session
(Appendix 2) of the laboratory, students were given 4
problems on competitive and noncompetitive enzyme in-
hibitors, drawing examples from prostaglandin endoper-
oxide synthase and hexokinase. The students were asked
to plot the data from enzyme kinetics experiments, calcu-
late Km and Vmax values using saturation curves and Hill
plots, and state their conclusions with respect to type
of inhibition. Excel software was used for plotting the
graphs.

ASSESSMENT
Course evaluation was conducted by the university

or college and separately by the instructor of the course,
providing qualitative and quantitative (Table 1) informa-
tion. The number of students enrolled in the course varied
from 104 to 69 students from fall 2006 to 2009. Based on
the qualitative comments of the students, they learned and
retained knowledge better when concepts were explained
using real-life analogies.

Evaluation of student understanding was accom-
plished formally (test questions) and informally in class
using ‘‘clickers.’’ When students were shown the avidin-
biotin structure and then asked to answer clicker questions,
100% of the students participating answered that the high
affinity interaction was due to intermolecular forces. When
they were asked whether they understood the binding of
biotin to avidin better after visualizing the 3D structure,
45% responded yes/they did and only 8% answered that
they understood the concept before visualizing the 3D
structure. Student feedback on the materials taught is pre-
sented in Table 2. Learning outcomes were also assessed
using the questions answered in the tests and final exami-
nations (Table 3).17 For the sake of analysis, we divided the
questions into 3 categories: questions on (1) intermolecular
forces, (2) protein structure and protein-ligand interactions,
and (3) enzyme kinetics. From these 3 categories, questions
that required a greater depth of thinking, analysis, and syn-
thesis also were analyzed separately. To gain insight into
how the laboratory sessions helped the students to under-
stand the concepts, a survey was conducted in fall 2009
(Table 2). Students were asked to evaluate the laboratory
sessions and compare their understanding to the classroom
sessions. Overall, students understood the concepts taught.

Figure 3. Binding of the drug lisinopril in the catalytic pocket
of angiotensin-converting enzyme. Students visualize the en-
zyme-drug interaction and the importance of the imbedded
zinc ion (cofactor in the enzyme). Zinc is held in the enzyme
by two histidine residues and a glutamate residue. The Zinc
ion also makes contact with the drug lisinopril via its cor-
boxylate moeity. Dotted lines represent the complex hydrogen
bonding network between protein and the drug. The figure
was created using PyMol software.
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DISCUSSION
One of the challenges facing pharmacy education is

to make sure that the medicinal chemistry course taught
in the first year of the PharmD curriculum gives a strong
foundation on which students can build clinically relevant
pharmacy practice experience.18,19 Understanding the in-
hibition of enzymes or protein-protein interactions bene-
fits greatly from a working knowledge of structure and
function. Subtle differences in the conformation of pro-
teins is becoming increasingly important as details of the
structural aspects of different subtypes of G-protein cou-
pled receptors and their mechanisms of actions are eluci-
dated. Binding of different small molecules to the same
drug target can have different effects (agonist, inverse
agonist, partial agonist, antagonist),11 which can be ex-
plained only in terms of changes in the 3D structure of
proteins.20 Students can gain understanding in this area
through instructor- and self-guided visualizations of pro-
tein structures complexed with drug molecules, highlight-
ing the importance of functional groups in the drug, their
noncovalent interactions, and the relationships to affinity,
biopharmaceutical properties, and dosage. Although a stu-
dent may not be expected to gain confidence in applying

this fundamental knowledge without repeated reinforce-
ment via integration of the medicinal chemistry compo-
nent with clinical pharmacy learning, the methods
described in this article considerably enhance and enrich
students’ foundational education. When students enter
their experiential year of the professional program, they
may not have retained many of the specifics taught in
first-year courses. However, when they encounter a drug
that acts on an enzyme or a particular protein, or when they
discuss the affinity of the drug and its solubility properties,
the students should be able to recognize the importance of
the structure of the drugs and its interaction with a receptor.
If necessary, they can go back and look at the structural
information from the experience gained in this course and
comprehend its clinical relevance with medicinal chemis-
try (examples such as losartan and candesartan provided in
this article). The visualization and laboratory experiences
gained in this course should remind them that such tools are
available to investigate therapeutic problems. Once stu-
dents start such an investigation, their background knowl-
edge of medicinal chemistry and enzyme kinetics will be
refreshed. Evaluation of the laboratory session (Table 2)
indicated that a majority of the students benefitted from the

Table 1. Student Evaluation and Feedback for the Course Medicinal Chemistry I and Principles of Drug Action I

Score, Mean (SD)a

Evaluation
Fall 2007
(N 5 63)b

Fall 2009
(N 5 56)c

The instructor creates a positive atmosphere in the class that promotes learning. 4.8 (0.5) 4.8 (0.7)
The instructor encourages questions and discussions in the class. 4.8 (0.5) 4.6 (0.7)
The instructor is willing to work with me outside of the class time. 4.8 (0.5) 4.8 (0.4)
The instructor motivates me to do my best in the class. 4.8 (0.5) 4.7 (0.5)
My overall opinion as a teacher is: 4.9 (0.4) 4.7 (0.5)
a Based on a scale of 1 to 5 on which 1 5poor and 5 5 excellent.
b Response rate 5 65%
c Response rate 5 82%

Table 2. Evaluation of Teaching Pertaining to the Structure of Drug-Receptor Complexes and Laboratory Session (N556)

Evaluation
Strongly
Agree, % Agree, %

Somewhat
Agree, %

Not
Sure, %

Lab session on enzyme kinetics gave me insight regarding
competitive and non-competitive inhibitors.

30 35 28 7

Lab sessions on molecular structure, drug-receptor interactions,
and enzyme kinetics and corresponding teaching sessions in the
class were well coordinated.

16 33 30 21

Overall, lab sessions helped me to learn protein structure and
enzyme kinetics in a better way.

15 31 30 24

Practice questions and revisions were helpful in understanding
the topic and preparing for the tests.

73 22 5 0

The overall teaching methods used were helpful in understanding
the topics covered.

70 28 2 0
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teaching methods described in this article. On a scale of 1-
5 (15 disagree and 5 5 strongly agree), nearly 60% of the
students expressed that the laboratory session on enzyme
kinetics provided them insight regarding competitive and
noncompetitive inhibitors, and that laboratory sessions
helped them to learn enzyme kinetics in a better way com-
pared to classroom activities.

Interactive elements incorporated in the course, such
as clicker technology and visualization software, discour-
aged passive learning and required students to become in-
volved with the material. Students’ assessment of the
teaching methods used in the course (Table 1 and Table
2) suggested that the interactive sessions and laboratory
experience helped the students to solidify their understand-
ing. The laboratory sessions conducted helped the students
to work independently as well as collaboratively.

Despite the significant enhancements to the course,
a fraction of students (Table 3) still encountered difficulties
when tested on the material. Most students seemed to un-
derstand the concepts; however, when multiple-choice
questions with different possibilities were given, some stu-
dents were unable to judge the best answer. When the
questions needed critical thinking or in-depth analysis,
many students struggled to answer. To encourage these
students and to help them improve their learning process,
question-answer sessions were conducted before each test.
Although a majority of the students benefited from ques-
tion-answer sessions, upon evaluation of answers from stu-
dents for critical-thinking questions on tests, some students
exhibited deficiencies. A drop in test performance was
noted between 2007 and 2009, possibly due to the change
in course curriculum (ie, the percentage of students cor-
rectly answering critical-thinking questions dropped from
40% to 30%). With the available data, it is difficult to
(quantitatively) compare the old and new curriculum results
at this juncture. In the future, to improve the critical-
thinking ability of the students, they will be further chal-
lenged with critical-thinking questions in the classroom
so that they are compelled to solve challenging problems.

A key challenge faced by professional pharmacy stu-
dents is the diversity of the course content taught in the

program: students must shift their thinking process greatly
from topics ranging from basic chemistry to microbiol-
ogy- and pharmacy-related content. Overall, students’ per-
formance, course ratings, and comments in informal
discussions suggest that active learning using interactive
sessions helped them gain understanding of drug-receptor
interactions.

CONCLUSION
Obtaining a fundamental understanding of structural

basis protein-ligand interactions in their first year is valu-
able for pharmacy students as they continue their training/
education with subsequent courses in medicinal chemis-
try and principles of drug action. The teaching methods
described here enable students to study medicinal chem-
istry with the help of visualization. The method becomes
increasingly valuable for students as standard textbooks
such as Foye’s Principles of Medicinal Chemistry15 in-
corporate more information on drug-receptor structures
and their interactions in terms of a 3D- rather than a 2D-
description of structure.
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Appendix 1. Examples of exercises used in a laboratory session for drug-receptor interaction visualization.

In this exercise you will study the structure of drug receptor interactions using 4 examples.
1) HIV protease with its inhibitor
2) Angiotensin-converting enzyme (ACE) with its inhibitor
3) Cyclin-dependent kinase with its inhibitor
4) Human epidermal growth factor receptor-2 (HER-2) with antibody drugs Trastuzumab and Pertuzumab.

(only 2 exercises are given as examples in the article)
Exercise 1

Open 2UXZhivproteaseinh.pdb using PyMol. The structure of HIV protease with its inhibitor will be shown in stick fashion.
Display the ligand site and observe the structure (make the background white and save the image file as .png and insert into a Word
file). How many hydrogen bonds are present between the inhibitor and HIV protease with water molecules? Use the ‘‘reset’’option
and look at the entire structure of the complex. Is there any symmetry in the molecule? If so, what is the symmetry in the molecule? Is
there any symmetry in the inhibitor structure (drug molecule)? What is the secondary structure of the protein HIV protease? Describe
the importance of amino acid residues in the protein and functional groups in the inhibitor in terms of intermolecular forces.
Exercise 2

Open the structure 1O86acelisinorpil.pdb. This is the structure of ACE with its inhibitor (drug) lisinorpil. Display the ligand site.
What metal atom is present in the ligand binding site? Identify the amino acids from ACE that interact with the metal atom in the
active site. What is the importance of this particular amino acid in binding to the metal ion? Compare the secondary structures of HIV
protease and ACE. Describe the importance of amino acid residues in the protein and functional groups in the inhibitor in terms of
intermolecular forces.

Appendix 2. Example of an exercise related to enzyme kinetics and drug design to understand the enzyme kinetics using numerical
data from research papers.

Plot the data from enzyme kinetics experiments and calculate Km and Vmax values using saturation curves and Hill plots. Plot the data
obtained in the presence of inhibitor and give a conclusion about the type of inhibitor. Use Excel software.
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The following table shows the rate at which a given substrate enters an enzymatic reaction (a) in the absence of any inhibitor, and
(b) and (c) in the presence of a constant amount, respectively, of each of 2 inhibitors. First plot the data directly, v against [S]. Also,
plot the data using the Lineweaver and Burke method. Label the lines in the plot for competitive and non-competitive inhibitors.

[S] mM
(a) Velocity
mM sec�1

(b) Velocity
mM sec�1

(c) Velocity
mM sec�1

1 2.5 1.17 0.77
2 4.0 2.10 1.25
5 6.3 4.0 2.00

10 7.6 5.7 2.50
20 9.0 7.2 2.86
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