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Thisproject addressestheneed to provideavisual context toteach thepractical applicationsof genomesequencingand
bioinfor matics. Present-day resear ch relieson indir ect visualization techniques(e.g., fluor escence-labeling of DNA in
sequencing reactions) and sophisticated computer analysis. Such methodsar eimpractical and prohibitively expensivefor
laboratory classes. Moreimportantly, thereisaneed for curriculum resour cesthat visually demonstratetheapplication
of genomesequenceinformation rather than the DNA sequencing methodology itself. Thisproject isacomputer-based
lesson plan that engagesstudentsin collabor ative, problem-based lear ning. Thespecific examplefocuseson approachesto
Human Immunodeficiency Virus-1 (H1V-1) vaccinedesign based on HI V-1 genome sequencesusing a casestudy. Sudents
performed compar ativealignmentsof variant HI V-1 sequencesavailablefrom apublic database. Sudentsthen examined
theconsequencesof HIV-1 mutationsby applyingthealignmentstothree-dimensional imagesof theHI V-1 envelopeprotein
structure, thusvisualizingtheimplicationsfor applicationssuch asvaccinedesign. Thelesson enhancesproblem solving
through theapplication of onetype of infor mation (genomicor protein sequence) into concr etevisual conceptualizations.
Assessment of student compr ehension and problem-solving ability revealed marked improvement after the computer
tutorial. Furthermore, contextual presentation of these conceptswithin a casestudy resulted in student responsesthat

demonstrated higher levelsof cognitiveability than wasexpected by theinstructor.

The completion of the human genome sequence was cel-
ebrated not only amongst the scientific community but was
indeed a globally newsworthy event. Yet, exactly how one
utilizes genomic sequence information in a practical context
is beyond the comprehension not only of the average citi-
zen but also eludes many undergraduate students. How can
educators effectively teach the various applications of a
genome sequence? Furthermore, how can students employ
bioinformatics, which has become a prevalent word in the
public vernacular, in a relevant context?

Many educators and scientists have witnessed the posi-
tive effects on student learning of problem-based and col-
laborative learning approaches. Charlin and colleagues em-
phasize a learner-centered approach towards problem solv-
ing as being of key importance and define four principles
related to its effect on learning (3):

1. Learners are active processors of information;

2. Prior knowledge is activated and new knowledge is built
on it;

3. Knowledge is acquired in a meaningful context;

4. Learners have opportunities for elaboration and organi-
zation of knowledge.

These principles are indeed reflective of the importance
of contextual relevance for students who are presented with
abstract concepts (4, 32). Furthermore, the creation of ac-
tive-learning opportunities has been suggested to facilitate
the development of critical thinking skills in biology stu-
dents (7,9, 10, 12, 23). This project is a collaborative com-
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puter-based laboratory lesson that enables students to ana-
lyze information that may be perceived as relatively chal-
lenging and put it into a practical context. Its versatility
makes it adaptable to most courses in the biological sci-
ences. A case study examining mutations in HIV-1 genome
sequences obtained from a cohort of HIV-seropositive pa-
tients was presented to 54 third-year virology students. Stu-
dents applied information obtained from bioinformatics to
analyze the high genomic sequence mutation rates of HIV-1
with respect to epidemiology, molecular structure, and thera-
peutic design strategy. Based on these analyses, students
developed three-dimensional models of the viral protein
structures that allowed visual mapping of sequence evolu-
tion. This approach facilitated students’ appreciation for
the application of genomic sequence information into a prac-
tical context.

Students collaborated to identify a region of the genome
that mutated less frequently and would therefore be a target
candidate for vaccine development. This active problem-
solving approach enabled students to gain an appreciation
for the challenge of developing vaccines or therapeutic drugs
for a virus such as HIV-1, which mutates so frequently. The
lesson was developed to facilitate critical thinking through
the application of one type of information (DNA or protein
sequence) into three-dimensional models.

One of the key criteria for an authentic learning experi-
ence is fidelity of context (11, 22, 28, 34). The goal of this
project was to engage students in an open-ended learning
experience based in a relevant context. In addition to
strengthening students’ general inquiry-based research
skills, the presentation of areas such as bioinformatics and
genomics as a case study allows students to reflect on the
particular relevance of highly analytical subjects.
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METHODS

The total time devoted to the lesson was two 3-hour com-
puter laboratory sessions, preceded by a 1-hour tutorial. The
key concepts upon which the lesson is based are:

* HIV-1 exhibits a high mutation rate during genome repli-
cation due to the low fidelity of the virus-specific en-
zyme, reverse transcriptase.

* A population of HIV-1-infected individuals may display
wide genetic heterogeneity of viral subtype nucleotide
sequences; these patterns can change over time.

* Bioinformatics enables analysis of specific patterns of
changes in genomic sequences that can reveal crucial
information about the molecular biology and epidemiol-
ogy of HIV-1.

* The changes in viral gene sequence may significantly
affect the structure of viral proteins and hence present
challenging implications with regard to targets for vac-
cine and/or therapeutic design.

The lesson is based on a published study (19) in which
the pattern of HI'V-1 evolution was compared to CD4* T cell
decline in 15 subjects. In the study, the subjects were fol-
lowed from seroconversion for up to 4 years (at 6-month
intervals). Mutations of clonal variants of HIV-1 (clade B)
were analyzed via PCR amplification of a 285 bp fragment
from the hypervariable V3 loop region of the env gene, en-
coding the viral glycoprotein gp120.

The background information was presented to the stu-
dents as a case study scenario:

Background, HIV-1 evolution. HIV-1, the caus-
ative agent of AIDS, exhibits high mutation and replication
rates that facilitate its adaptation to changes in the host
environment as well as its eventual resistance to certain
antiretroviral therapies. Like other retroviruses, HIV-1 has
a much higher mutation rate than is typically found in or-
ganisms whose genomic replication does not involve re-
verse transcription. The in vivo forward mutation rate in
HIV-1 has been estimated to be 3.4 x 10 mutations/base
pair/replication cycle (5, 18, 20, 27).

HIV-1 infected individuals may display wide genetic
heterogeneity (diversity) of viral subtype nucleotide se-
guences. The host environment can affect the genetic com-
position of a given virus pool. For example, instability
could be generated by a dynamic host immune response or
by differential display of coreceptors. If the destabilising
force selected randomly against the broad range of existing
variants, diversity would most likely be reduced to those
variants that were initially most numerous. On the other
hand, if selective forces such as the immune response tar-
geted primarily those variants that were most abundant
(frequency-dependent selection), overall viral load would
be reduced but genetic diversity would be maintained, since
the less frequent viral strains would still be present.

By examining patterns of diversity during HIV-1 evolu-
tion, we can observe the type and efficiency of selection
forces influencing viral evolution, as well as how the virus
adapts to those forces. Furthermore, the analysis of fre-
guency and diversity of viral mutation provides valuable
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information for the framework of potential drug therapy-
vaccine development for a given population.

Case study. A study has been conducted on the rela-
tionships between the pattern of HIV-1 evolution in 15
seroconverting patients and the rate of CD4+ T cell de-
cline. CD4+ T cell depletion is a characteristic of HIV-1
infection, as the virus infects CD4+ T cells. The changes
were monitored at frequent intervals over a period of up to
4 years. The individuals selected for the study were fol-
lowed from the point of HIV-1 seroconversion and had at-
tained different levels of CD4+ T cells.

Genetic sequence variation was analyzed for a 285 base
pair region around the third hypervariable (V3) domain of
the viral env gene. The env gene product, membrane pro-
tein gp120, bindsto the CD4 receptor siteon T lymphocytes
and is involved with viral entry into the cell. This region
was therefore chosen for analysis becauseit isan important
site of host-virus interaction and is known to tolerate fre-
guent mutations. Blood samples were collected fromthe 15
subjects at 6-month intervals for up to 4 years and analyzed
for virologic and immunologic studies. PCR was used to
amplify the 285 bp region from peripheral blood mono-
nuclear cells. The PCR-amplified DNA fragments were
cloned into a plasmid and sequenced. The results for the
variant clones are tabulated on the following pages.

The students, working in pairs, were assigned one sub-
ject for their case study. Each pair of students was presented
with a tabulated summary of data tracking all subjects’ dis-
ease progression (represented as CD4+ T cell counts) and
number of HIV-1 clones detected in each subject at specific
visits (sample of data shown in Table 1). Each pair of stu-
dents also received the Genbank accession numbers for all of
the HIV-1 env sequences from each visit for their subject
(available at http://www.microbelibrary.org/Journal/
TakayamaGenbankAccession.pdf).

The students are then presented with the following chal-
lenge:

Research project. You are working with molecular vi-
rologists, clinical virologists, and physicians to develop an
improved drug therapy regimen for HIV-1 patients. Theenv
sequences analyzed in this study encode a protein that binds
to a receptor on the T-cell surface, allowing the virus to
enter and ultimately destroy the cell (and consequently the
body’s immune capabilities). Developing drugs that block
this binding have had limited short-term success, the major
impediment being the rapid mutation rate of the env gene,
which renders highly specific blockersineffective. You will
examine patterns in the mutations occurring in these env
sequences over time.

Each pair of students initially discussed the data for all
subjects to examine and critique the available information
with regard to potential patterns of correlations. The stu-
dents then performed genomic sequence alignment analyses
(for the 285 bp V3 region) of all viral clones for their subject at
the nucleotide (Fig. 1) and protein sequence levels (Fig. 2).
The sequences are available on the Genbank public data-
base, and students employed the open source web-based
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TABLE 1. Summary of data on subjects analysed for HIV-1 mutation and CD4" cell count*

Subject Total number of | Total number of Visit number Number of CD4" count
vigits clones clones
1 3 42 1 13 464
2 16 305
5 13 15
2 3 24 1 6 715
3 9 825
4 9 830
3 5 39 1 4 819
3 10 375
4 9 265
5 10 100
6 6 45
4 4 47 1 3 1028
2 13 710
3 18 470
4 13 135
5 5 43 1 8 749
2 12 770
3 11 650
4 7 550
5 5 700
6 7 54 1 3 405
2 3 225
3 9 350
4 12 390
5 9 475
7 9 400
9 9 560
7 5 43 1 10 1072
2 7 735
3 8 330
4 9 270
5 9 310
8 7 49 1 5 538
2 5 800
3 7 605
4 6 510
5 6 625
6 10 515
7 10 250
9 8 64 1 5 489
2 5 485
3 8 440
4 11 370
5 9 365
6 8 665
7 10 555
8 8 270

Table continued on following page
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TABLE 1 - Continued.

Subject Total number of | Total number of | Visit number Number of CD4" count
visits clones clones

10 5 49 1 7 833
2 6 850
4 16 420
5 10 150
6 10 15

11 4 32 1 7 753
2 6 600
3 10 270
4 9 175

12 6 37 1 4 772
2 4 780
3 5 1285
4 6 1030
5 10 1395
8 8 850

13 5 26 1 4 671
2 2 825
3 7 835
4 7 770
5 6 975

14 9 77 1 6 523
2 6 580
3 6 570
4 10 595
5 7 460
6 11 420
7 10 460
8 9 450
9 12 350

15 4 40 1 12 707
2 9 250
3 9 75
4 10 15

* Some of the visit numbers are not sequential. In all cases visit 1 represents the first time the subject was evaluated.
The subsequent time points represent six-month intervals from the initial visit. Thus, if a subject missed their six-
month appointment their visits would be numbered 1, 3, 4, etc. (Reference: 19).

program Biology Workbench (http://workbench.sdsc.edu/)
to perform their analyses.

Students engaged in collaborative discussions to ana-
lyze their sequence alignments for their subjects using the
following questions as a guide:

Questions.

1. Upon analysis of nucleotide mutations over time for
each of the clones in your subject, are there specific nucle-
otide positions that mutate more frequently than others?

2. Do they mutate in predictable ways (have the same
change) over time?

3. How do the mutation patterns of the protein se-
guences compare to those of the nucleotide sequences?

4. Based on your analyses, which viral clones are most
closely related evolutionarily? Which clones are least re-
lated evolutionarily?

5. Discuss within your laboratory group and then as a
whole class: if you were to design a drug or vaccine to
target a specific portion(s) of the HIV-1 env glycoprotein,
which region would you target based on your sequence
analyses? Why?

In the second half of the lesson the open source web-
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based program, Protein Explorer (21), was utilized to model
protein sequence alignments and test the students’ predic-
tions. Protein Explorer is a powerful program that enables
three-dimensional (3-D) modeling and visualization of pro-
tein structures. Multiple sequence alignments were mapped
using Protein Explorer and ConSurf (8) to identify amino
acid residue positions that remained highly conserved in
comparison to those that mutated significantly (Fig. 3). Stu-
dents compared protein sequence alignments of their sub-
jects’ gp120 sequences against the sequence of one of sev-

eral gp120 protein structures available in the Protein Data
Bank (PDB) (1) (e.g., PDB accession number 1G9M (15, 16)).
The interactivity of Protein Explorer allows students to ro-
tate the 3-D structure of their gp120 alignment, zoom in and
out, and highlight specific polypeptide chains as well as
specific amino acid residues. Furthermore, the PDB struc-
tures of the gp120 chain are represented together with the
CD4 receptor and an epitope-specific antibody, enabling stu-
dents to examine potential steric interactions and intercep-
tions between specific exposed regions of gp120.
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GAGETAGTAATTAGATCCGAAAAT TTCACGAACAATGCTAAAATCATAATAGTACAGC TG
GAGGTAGTAATTAGATCCGAAAATTTCACGAACAATGCTAAAATCATAATAGTACAGT TG
GAGGTAGTAATTAGATCCGAAAATTTCACGAACAAT GCTAAAATCATAATAGTACAGT TG
GAGETAGTAATTAGATCCGAAAAT TTCACGAACAAT GCTAAAATCATAATAGTACAGC TG
GAGGTAGTAATTAGATCCGAAAATTTCACCGAACAAT GCTAAAATCATAATAGTACAGT TG
GAGGTAGTAATTAGATCCGAAAATTTCACGAACAATGCTAAAATCATAATAGTACAGC TG
GAGGTAGTAATTAGATCCGAAAATTTCACGAACAATGCTAAAATCATAATAGTACAGT TG
GAGGTAGTAATTAGATCCGAAAATTTCACGAACAAT GCTAAAATCATAATAGTACAGT TG
GAGETAGTAATTAGATCCGAAAATTTCACGAACAATGCTAAAATCATAATAGTACAGC TG
GAGGTAGTAATTAGATCCGAAAATTTCACGAACAATGCTAAAATCATAATAGTACAGT TG

AATGAATC TG TAGAAATTAAT TG TACAAGACCCAACAACAATACAAGAAAAAGTATACAT
AATGAATCTGTAGAAATTAAT TG TACAAGACCCAACAACAATACAAGAAAMAGTATACAT
AATGAATC TG TAGAAATTAAT TG TACAAGACCCAACAACAATACAAGAAAAAGTATACAT
AATGAATCTGTAGAAATTAATTGTACAAGACCCAACAACAATACAAGAAAMAGTATACAT
AATGAATCTGTAGAAATTAACTGTACAAGACCCAACAACAATACAACGAAAMAGTATACAT
AATGAATC TG TAGAAATTAAT TG TACAAGACCCAACAACAATACAAGAAAAAGTATACAT
AATGAATCTGTAGAAATTAAT TG TACAAGACCCAACAACAATACAAGAAAMAGTATACAT
AATGAATCTGTAGAAATTAATTGTACAAGACCCAACAACAATACAAGAAAMAGTATACAT
AATGAATC TG TAGAAATTAAT TG TACAAGACCCAACAACAATACAAGAAAAAGTATACAT
AATGAATCTGTAGAAATTAAL TGTACAAGACCCAACAACAATACAAGAAAMAGTATACAT

ATAGGACCAGGTAGAGCATTTTATACAACACGAGACATAATAGGAGATATAAGACAGGCA
ATAGEACCAGGTAGAGCATTTTATACAACAGCGAGACATAATAGCGAGATATAAGACAGGCA
ATAGEACCAGGTAGAGCATTTTATACAACAGGAGACATAATAGGAGATATAAGACAGGCA
ATAGEACCAGGTAGAGCATTTTATACAACACGGAGACATAATAGCGAGATATAAGACAAGTA
ATAGEACCAGGTAGAGCATTTTATACAACAGGAGACATAATAGGAGATATAAGACAAGCA
ATAGEACCAGGTAGAGCATTTTATACAACACGAGACATAATAGGAGATATAAGACCAGCA
ATAAMGACCAGGTAGAGCATTTTATACAACAGGAGACATAATAACGAGATATAAGACAAGTA
ATAGEACCAGGTAGAGCATTTTATACAACAGGAGACATAATAGGAGATATAAGACAAGTA
ATAGEACCAGGTAGAGCATTTTATACAACACGAGACATAATAGGAGATATAAGACAAGCA
ATAEACCAGGTAGAGCATTTITATACAACAGGAGACATAATAgEAGATATAAGACAgGCA

TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAAACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAAACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAAACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAAACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAGACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAAACAGATAGTTAACAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACTTTAAAACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGGATAACACTITAAAACAGATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGAATAACACCTTAAAACACATAGTTATAAAATTA
TATTGTAACATTAGTAGAGCAGAATGGaATAACACETTAASACAGATAGTTALaAAATTA

AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTAGGAATAAAACAATAGTCTTTAATCACTCCTCA
AGAGAACACTTTGGGAATAAAACAATAGTCTTTAATCACTCTTCA
AGAGAACACTTTGGCAACAAAACAATAGTCTTTAATCACTCTTCA
AGAGAACACTTTgGgAAL AAAACAATAGTCTITTAATCACTC 2TCA

FIG. 1. Biology Workbench nucleotide sequence alignment demonstrating subject 1 HIV-1 clone diversity at visit number 1.
The alignment was obtained using the boxshade function in Biology Workbench.
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FIG. 2. Biology Workbench protein sequence alignment demonstrating subject 1 HIV-1 clone diversity at visit number 1. The
alignment was obtained using the boxshade function in Biology Workbench.
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FIG. 3. 3-D structure summarizing data from multiple sequence alignment of subject 1, visit 1
HIV-1 protein sequences modeled on HIV-1 gp120 core complexed with the CD4 receptor and
a neutralizing human antibody. Magenta (spacefill) residues represent highly conserved
regions; blue (spacefill) residues represent variable regions of gp120. The CD4 receptor,

antibody light chain, and antibody heavy chain are indicated.

OUTCOMES AND EVALUATION

Students were able to examine the patterns of HIV-1 evo-
lution in patients by analyzing the nucleotide sequences from
aregion of the env gene. They made predictions about which
regions of the corresponding amino acid sequence may serve
as potential targets for drug or vaccine design strategy. How-
ever, comparative sequence analysis on its own cannot pro-
vide structural information that is critical for scientists in-
volved in pharmaceutical design. Furthermore, for the stu-
dent to fully appreciate the consequences of the high muta-
tional frequencies of HIV-1, the visualization of these events
in three dimensions provides an invaluable comparative re-
source. Students were able to appreciate the functional con-
sequences of mutations in specific regions of the HIV-1 ge-
nome by visualizing the structural effects in 3-D representa-
tions of gp120. Indeed, other educators have also reported

that molecular visualiza-
tions are effective in facili-
tating student comprehen-
sion of protein structure
and function (6, 29, 30, 33,
36).

Learning outcomes were
determined by defining
specific learning objectives
for the lesson and analyz-
ing students’ responses to
conceptual questions de-
signed to assess achieve-
ment of those objectives.
Performance assessments
judge student abilities to
use specific knowledge
and research skills to solve
a problem or make an
analysis (17,31, 35). Stu-
dent comprehension and
problem-solving ability
was assessed using the
performance assessment
questions. Questions were
graded by the instructor. A
summary is presented in
Table 2.

Students were asked to
answer these questions
before and after the com-
puter laboratory sessions.
The questions were de-
signed to assess different
levels of cognitive ability,
focusing on the central
theme of the application of
genomics. Student re-
sponses were scored on a
scale of 1 to 4, using the
following rubric for classi-
fying comprehension: 1, little or no understanding of the
topic, failed to meet objective; 2, some understanding of topic,
answer had some relevance towards meeting objective; 3,
sufficient understanding of topic, answer is generally correct
but lacks strategic or innovative detail; 4, outstanding un-
derstanding of topic, answer indicative of further reflection
and application (transfer) of concepts. The outcomes are
presented in Table 3.

For each objective, student performance improved mark-
edly following the computer tutorial. The outcomes indicate
that student comprehension of the application of
bioinformatics is enhanced by this investigative approach.
Furthermore, because the objectives were presented within a
case study, emphasizing relevance and context, some an-
swers extended beyond the expectations of the instructor.
For example, for question D, a student replied, “In order to
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TABLE 2. Student performance objectives and assessment questions.
Objective Conceptual Question

A. To understand the biological relevance of the env | A. One primary target in HIV-1 that comes to mind
gene when developing a drug or vaccine is the env gene,

which encodes gp120. Why?

B. To understand how bioinformatics is utilized for [ B. What, in your understanding, does bioinformatics
genomic analysis. reveal to us about a genomic sequence of interest?

C. To apply conceptual knowledge towards | C. If you were using bioinformatics to determine the
developing a computer-based method to solve a most appropriate target for vaccine development
bioinformatics problem. against a region of gpl20, draw a flowchart

depicting your approach. Assume you have all the
necessary bioinformatics analysis software and
databases at your disposal.

D. To understand that comparative analyses of gene | D. One of your colleagues has performed sequence
and protein sequences alone are insufficient for alignments of the env gene sequence, and the
providing comprehensive biological functional gp120 protein sequence. She has decided on a
information; i.e., structural information is also vaccine target region based on this information.
needed. Please provide your critique on this.

TABLE 3. Student outcomes of performance assessment
Level of student cognitive ability’
1 2 | 3 | 4

Objective A

Scores before computer session” 13 22 16 2

Scores upon completion of computer session’ 0 0 34 17

Level of significance (y* test): P< 0.001

Objective B

Scores before computer session” 44 44 6 6

Scores upon completion of computer session’ 0 31 44 25

Level of significance () test): P< 0.001

Objective C

Scores before computer session” 50 29 18 3

Scores upon completion of computer session’ 0 0 69 31

Level of significance (y* test): P< 0.001

Objective D

Scores before computer session” 50 35 12 3

Scores upon completion of computer session’ 10 0 55 35

Level of significance () test): P< 0.001

'Student responses were scored on a scale of 1 — 4 (refer to text for rubric definitions); values indicate the number of
students whose responses to a specific objective question corresponded to that cognitive category.

’A total of 53 students completed the assessment questions before the computer session.

’A total of 51 students completed the assessment questions after the computer session.
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ensure that the potential vaccine target region is present on
an exposed surface where it can be recognized by the im-
mune system, protein modeling software may be used to pre-
dict the protein structure. Further invitroand invivo testing
must be conducted to ensure that the target region can be
expressed in a functional folded form that closely resembles
the gp120 epitope and the target region is immunogenic.”

The value of 3-D computer modeling to examine the con-
sequences of the gp120 mutations was appreciated by stu-
dents. The students were able to explore the structure and
crucial regions involved in receptor binding and recognition.
Furthermore, the collaborative framework of the learning ex-
perience enhanced the students’ problem-solving strategies.
Other studies have also demonstrated the successful out-
comes of collaborative and problem-based learning mediated
by technology (13, 24, 25, 26). The computer project de-
scribed here can certainly be used in conjunction with com-
prehensive supplementary introductions to the areas of
bioinformatics and functional genomics (such as those de-
scribed in 2, 14) for further in-depth exploration of specific
protein families or evolutionary and functional relationships
among conserved proteins.
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