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Figure 1: Peptides identified from mass spectrometry data on a protein sample from a controlled experiment. Peptides are shown in red in their correct locations

along a DNA segment represented by a wrapped dark gray line. Areas with overlapping peptides appear slightly brighter red. Among other things, biologists hope
to infer protein function from the peptide composition of biological samples prepared under different experiment conditions, for example, at different times during

a cell’s development cycle or under varying temperatures or oxygen levels.

ABSTRACT

New high-throughput proteomic techniques generate data faster than
biologists can analyze it. Hidden within this massive and complex
data are answers to basic questions about how cells function. The
data afford an opportunity to take a global or systems approach
studying whole proteomes comprising all the proteins in an organ-
ism. However, the tremendous size and complexity of the high-
throughput data make it difficult to process and interpret. Existing
tools for studying a few proteins at a time are not suitable for global
analysis. Visualization provides powerful analysis capabilities for
enormous, complex data at multiple resolutions. We developed a
novel interactive visualization tool, PQuad, for the visual analysis of
proteins and peptides identified from high-throughput data on bio-
logical samples. PQuad depicts the peptides in the context of their
source protein and DNA, thereby integrating proteomic and genomic
information. A wrapped line metaphor is applied across key resolu-
tions of the data, from a compressed view of an entire chromosome
to the actual nucleotide sequence. PQuad provides a difference visu-
alization for comparing peptides from samples prepared under dif-
ferent experimental conditions. We describe the requirements for
such a visual analysis tool, the design decisions, and the novel as-
pects of PQuad.

CR Categories: 1.3 Computer Graphics, J.3 Life and Medical Sci-
ences

Keywords: visualization, metaphor, context, proteomics, differential
proteomics, difference visualization

1 INTRODUCTION

The Human Genome Project brought about major advances in ge-
nomics. Sequencing a genome, the information storage unit of an
organism, is now primarily a matter of selecting the organism and
having the necessary equipment, skills, and time. Proteomics is the
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new big challenge [1]. Proteins are the cell’s mechanism for putting
an organism’s genomic information into action. A proteome is the
collection of all proteins present in an organism. Unlike the genome,
the proteome is dynamic, changing continuously in response to tens
of thousands of intra- and extra-cellular environmental signals. The
proteome is an essential key to understanding the complex processes
of cells. Which proteins are present, when and where are they pre-
sent, what state are they in, and what is their function are the crucial
questions in proteomics research. The success of proteomics will
rely on high-throughput experimental techniques coupled with so-
phisticated data analysis methodologies.

Mass spectrometry (MS) is at the cutting edge of proteomic
technologies. High-throughput MS provides extremely precise mass
measurements of thousands of proteins or peptides (protein frag-
ments) in a biological sample from a single experiment. The volu-
minous raw MS data contains evidence of the proteins present in the
sample. Valuable information such as protein identity, quantity,
interactions, and modifications can be inferred from this evidence.
However, the MS (mass) data must first be mapped to protein se-
quences. Typically, proteins are cleaved by enzymatic digestion into
peptides prior to the MS analysis. The peptide MS masses are then
mapped to peptide and, finally, protein sequences.

Typically, peptide identification software is used for mapping
MS data [2-4]. More accurately, current software predicts peptide
identity from the MS data. Such software produces a list of identi-
fied peptides with each peptide’s sequence, the source protein or
proteins, and metrics produced during the identification process.
Further analysis is required to validate the identification and pro-
gress from peptide identification to protein identification and on to
understanding the proteome. Even when the number of resulting
peptide identifications is small, the subsequent analysis and informa-
tion extraction is time-consuming and challenging. As the number of
identified peptides grows, navigating and analyzing a data set be-
comes even more challenging. Understanding the difference in pep-
tide sets collected—for instance, during different points in the cell
life cycle—is especially challenging. Nevertheless, the comparison
of two or more sets of identified peptides, differential proteomics, is
a key to understanding proteins.

Biologists need powerful computational tools to assist in the
analysis of large, multiple proteomic data sets. Visualization ab-
stracts and depicts large-scale data sets in an interactive visual repre-
sentation designed to ease cognitive tasks and enable the analysts to
see patterns and relationships not distinguishable otherwise [S]. Cur-
rently, well-developed, powerful software tools are available for
studying and analyzing genomic data. Some of these tools, such as
GeneSpring [6], OmniViz [7], and Spotfire [8], support the visual
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analysis of experimental data, for example, gene expression data
from microarray analysis. Similar powerful visualization tools do
not exist for the visual analysis of experimental proteomics data.
This paper describes a visualization tool we developed to support
analysis of identified MS peptides and proteins. Figure 1provides a
preview of the tool’s visualization of peptides identified from ex-
perimental biological samples.

1.1 Biological Terms

The following is a simplified introduction to the biological terms
used in this paper. All the information for an organism is stored in its
genome as one or more units (chromosomes or plasmids) of deoxy-
ribonucleic acid (DNA). Each unit has two strands that form a dou-
ble-helix molecule. Each strand is a sequence of connected nucleo-
tides, either adenine (A), thymine (T), cytosine (C), or guanine (G).
The genomic sequence is specified by only one strand. The sequence
of the second strand can be inferred from the first because the
strands are linked by basepairs, or complementary pairs, A-T and
C-G. For example, wherever there is an A in the primary strand,
there is a T in the complement strand. Each strand has distinguish-
able ends referred to as the 5° and the 3° end. The 5’ end of one
strand is linked to the 3’ end of the other strand. Each strand is de-
crypted from the 5’ end to the 3’ end, that is, they are read in oppo-
site directions as indicated in Figure 1. Genetic information is stored
in specific regions of the genome; the regions of primary interest in
this paper are genes that translate to proteins. A gene segment is
highlighted in yellow along the 5’ to 3° DNA strand in Figure 2.
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Figure 2: Sample section of DNA strand sequences with their associ-
ated frame sequences. Frames labels are shown on the left.

Proteins are large, complex molecules of amino acids, which are
translated from a gene’s nucleotide sequence in triplets, or codons.
Each codon is translated to one of 20 possible amino acids or to a
stop codon that signals the end of the gene. It is important to recog-
nize that, given a nucleotide sequence, there are three possible amino
acid sequences depending on where you start translating codons.
Consider the nucleotide sequence of the 5° to 3’ strand in Figure 2:
ATGACGACCATCTTGACGG. If you start at the first nucleotide,
you will get one set of codons: (ATG) (ACG) (ACC) (ATC).... If
you start at the second nucleotide, your codon set will be (TGA)
(CGA) (CCA).... If you start at the third nucleotide, you will get
another set of codons, (GAC) (GAC) (CAT).... The first codon,
(ATQ) translates to the amino acid methionine which is represented
by the letter “M”. The translation of these three codon sets to amino
acids is MTT (methionine, threonine, threonine or MTT), *RP, and
DDH, respectively. These three possible amino acid sequences are
called frames. The complement nucleotide string also has three
frames. In total, there are six possible frames as shown in Figure 2.
Open reading frames (ORFs) give the amino acid sequences asso-
ciated with gene nucleotide sequences. Protein sequences are either
the same as the ORF sequences or modifications of them. In Fig-

ure 2, the ORF associated with the highlighted gene on the 5’ to 3°
strand is also highlighted in yellow along the +1 frame.

The ORF locations are predicted by a variety of methods algo-
rithmically and experimentally. A defined set of ORF's for a genome
is called the annotation, which can be obtained from resources such
as The Institute for Genomic Research (TIGR) [9]. For MS pro-
teomics experiments, proteins are broken into fragments called pep-
tides. The amino acid sequence of a peptide matches a contiguous
section of the parent protein. For additional information, see the
sidebar in [10].

1.2 Traditional Genomic/Proteomic Graphics

Traditionally ORFs are depicted as lines, bars, or boxes drawn on or
parallel to a horizontal line representing a DNA segment. Usually
labels indicating ORF names and sequence indices are provided for
context. Most computerized graphics fail to exploit the capabilities
of interactive visualization. Links, if available, are typically static
popup windows with no connection back to the visualization. Only a
relatively small segment of a sequence is shown at once. Navigation
is typically awkward, advancing in chunks at the click of a button or
by entering text. Changes in resolution, if offered, only enlarge or
contract the same view with no change in the level of detail. As a
result, navigation is awkward, context is limited, and the visualiza-
tion does not support a variety of proteomic research tasks.

2 RELATED WORK

Jaffe et al. [11] demonstrate a method to generate an improved ORF
annotation as discussed later in the paper. They created a simple,
web-based visualization called Proteogenomic Map Viewer
(http://massive.med.harvard.edu/cgi-pub/superviewer.cgi).  The
viewer graphically depicts vertically aligned blocks of ORF areas for
multiple sets of predicted ORFs, the ORF set differences, and identi-
fied peptides. Sections of the genome sequence are accessible in
chunks. The software handles only the target organism of the authors
experiment, Mycoplasma pneumoniae, although the authors plan to
generalize the tool to other organisms. Sequence information for the
ORFs or processing information on the peptides is accessed by click-
ing on the ORF or peptide blocks to bring up static windows with
the detail information. Proteogenomic Map Viewer is designed for
analyzing experimental proteomic data, but the visualization tech-
niques are very basic.

An excellent (and free) genome browser, Artemis [12]
developed by the Sanger Center (Cambridge, UK), can be used to
view peptide identification by formatting the peptide identification
software results as an EMBL (European Bioinformatics Institute)
[13] or GenBank [14] feature table. This is the same format used to
input the protein definitions.

In comparison to the work described here, PQuad is designed
specifically for the analysis of experimental peptides and proteins
through interactive visualization.

3 REQUIREMENTS

We identified the following requirements for a visual analysis tool
for predicted peptides and proteins.

31 Scalability

The number and size of the chromosomes and plasmids associated
with an organism vary widely. Even when limiting the field to mi-
croorganisms, the data range from thousands to hundreds of millions
of nucleotides. PQuad must handle not only long nucleotide se-
quences, but also large numbers of ORFs (>10,000) and peptides
(>100,000). The peptides and proteins may have associated informa-
tion such as pedigree, sequence, or uncertainty that must be tracked.



Finally, large amounts of related biological information such as gene
function or cellular location of proteins may be requested by the
user; these must also be tracked.

3.2 Easy Navigation, Quick Response

The range of resolution in the data from an entire chromosome to the
DNA sequence requires the ability to quickly and easily get to the
desired level of resolution without losing context. The user must be
able to determine the current focus location in a view as well as in
linked views.

33 Appropriate Context

The complexity of the data requires that context information be read-
ily available. Peptides must be seen in the context of their parent
proteins as well as in the context of the DNA strand. Also, because
the data could be integrated from multiple sources, users must be
able to see qualitative information that identifies data sources, in-
cluding the experimental data—for example, the organism, data
processing information, and quantitative information such as the size
of the data and the counts of peptides and proteins.

34 Difference Analysis

While exploring a single data set will be an important task, compar-
ing data sets is even more important. Understanding the difference
between proteins present under different conditions will provide
greater insight into the role of those proteins in the cell.

3.5 Flexibility

Although the overall objectives of a research prototype remain
steady, the final product is not always seen clearly from the begin-
ning. Often, as prototype capabilities progress, one gains insight on
better approaches or capabilities to investigate. Such prototypes
must be built lean (not over-designed) yet flexible enough to adapt
to changes in direction.

3.6 Usability

It is usually difficult to convince users to learn a new tool to do
something that they have been doing for years using conventional
methods, such as spreadsheets [15]. We consider it essential that the
biologists and bioinformaticists see value in the prototype and be
willing to use it in real analysis tasks.

4 NOVEL ASPECTS OF PQUAD

PQuad is an interactive visualization tool designed to survey and
analyze peptide evidence from proteomic experiments.

4.1 Experimental Peptide and Protein Visualization

PQuad provides linked views of the experimental data at multiple
levels of resolution and detail allowing biologists to view empirical
evidence of peptides (and therefore proteins) in the context of the
genome and proposed ORF annotations. PQuad provides three key
resolution levels necessary for the analysis of peptides and proteins.
Each resolution provides a different level of detail. The highest and
lowest resolution views are fixed. The intermediate resolution sup-
ports user-control of the resolution as well as a number of display
options; only one option is shown in this paper. In addition PQuad
displays descriptive, quantitative, and qualitative information on the
experimental data, its processing, and other pertinent details, as
available.

4.2 Wrapped Line Metaphor

PQuad employs a wrapped line metaphor to represent the DNA se-
quence. The metaphor of a wrapped line has several advantages.

First, it is an obvious extension of the traditional view where a line
segment represents only a small part of the DNA sequence. Wrapped
lines are a familiar concept to anyone who reads; the parallel be-
tween letters or words in a paragraph to genomic sequences repre-
sented as a continuous string of alphabetical characters (without
blank spaces or punctuation) is obvious. Further, a wrapped line
allows more context and information to be presented in a view than
most alternatives.

4.3 Comparison of Peptide Sets (Difference Visualization)

Although analyzing a peptide set may be difficult, comparing multi-
ple peptides sets, called differential proteomics, is extremely diffi-
cult. However, such comparisons may provide important insights.
For example, biologists might compare peptide sets from an organ-
ism’s cells prepared under controlled conditions with one variable,
such as temperature or oxygen levels. The peptide sets could be
compared side-by-side using two instances of PQuad, each with a
different peptide set. But side-by-side comparisons become more
difficult as the distance between the focal point in each view in-
creases. PQuad provides a difference visualization that depicts dif-
ferences in peptide sets in the same view.

5 DESIGN DECISIONS

The key design decisions relevant to the PQuad features presented in
this paper are discussed below. The fact that PQuad is an application
prototype effects design decisions; we explore options and work
with users for feedback seeking new functionality with the potential
for significant impact in proteomics research.

5.1 Multiple Views

Talking with potential users and surveying current visualization
metaphors for genomic data revealed the need for two distinct reso-
lutions, each with a different appropriate level of detail. The resolu-
tion in Figure 3 depicts multiple, contiguous ORFs at the resolution
of'the traditional visualization described in Section 1.2. At this reso-
lution, an ORF of interest can be clearly seen in the context of its
immediate neighbors. This is convenient, for example, to identify
proteins that work together. The resolution in Figure 4 is convenient
for reading the text characters in both nucleotide (DNA) and amino
acid (ORF) sequences. Finally, information visualization research,
particularly on the Information Mural [16], has demonstrated the
benefit, of a bird’s eye view for context and navigation. We defined
a third resolution giving a compressed, but global view as described
in detail below.

Figure 3: Resolution and detail for viewing ORFs. The DNA
strands are depicted by two black lines; the associated ORFs are
shown as yellow bars overlaid with the identified experiment pep-
tides in red. Some ORFs have no associated peptides; some have
many.

Having identified three key resolutions, the next issue was how
to bridge them. After considering continuous zooming, we decided
multiple linked windows with preset resolutions are a better ap-
proach for the proteomic data and analysis tasks. Continuous zoom-
ing through a display of massive data over such a wide scale to find
the few useful resolutions would be difficult for the user. We also
considered a focus+context approach, but since many analysis tasks
require simultaneous, large displays at multiple resolutions, we de-
cided again in favor of the linked views. Multiple linked views allow
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Figure 4: Resolution and detail for viewing sequences. The two nu-
cleotides (DNA) sequences are surrounded by their associated amino
acid (frame) sequences. A gene segment is highlighted in yellow to
indicate its DNA sequence; the associated ORF segment is high-
lighted in yellow along its frame showing the amino acid sequence.
Identified peptides are highlighted in red; the peptide sequences
match their underlying ORF sequences.

full access to multiple resolutions at the same time as well as multi-
ple views at the same resolution [17]. Window management is the
major drawback of multiple views; linking the views and providing
user-control of placement and size simplify window management.
Suitable scales for each of the key resolution views are calculated
from the input sequence length and window size.

The initial design of the bird’s eye, or DNA, view was a square
of 256 x 256 pixels that would depict an entire, albeit compressed,
chromosome or plasmid. The compressed view has to encode as
many pixels as possible while keeping the DNA pattern discernable.
Since the direction of the DNA strands is important, as pointed out
in Section 1.1, strand direction must be presented predictably. Our
solution was to encode 128 rows of 256 pixels with the DNA, ORF
and peptide information alternated with (thus, separated by) 127
rows of un-encoded (background) pixels. Rows are preferred over
columns because horizontal lines are used in the traditional genomic
graphics and because text is commonly read horizontally from left to
right, but the information could be laid out similarly in columns.
This layout provides 32K pixels to display an entire DNA unit. Us-
ing 130.4M as the average number of basepairs (bps) per human
chromosome and 5M as the average number of bps per bacteria
chromosome the “average” resolutions are 4K and 156 bps/pixel,
respectively. If any part of a peptide or ORF falls into the sequence
range of a given pixel, the pixel’s properties reflect that information.
This means that the pixels in this compressed view depict only the
approximate location and size of peptides and ORFs. This slightly
exaggerates their size. In practice, we found the 256x256 pixel
square too small to read comfortably, so we doubled the scale. This
seems to be the best compromise for a compressed view, see Figure
5, of an entire DNA unit suitable for navigation and context. This
compressed DNA view provides distinct and important information
in its own right. We call these views the DNA View (Figure 5), the
ORF View (Figure 3), and the Sequence View (Figure 4).

5.2 Wrapped Line Metaphor

Our work on the DNA view led us to recognize the suitability of the
wrapped lines as a metaphor for the DNA strands across all the
views. At each key resolution, we have employed this metaphor to
inject richer context and information content. The higher resolution
views are not constrained by space to depicting the DNA as a single
line but can provide additional information by including both strands
and their frames. The related and aligned strands and frames as
shown in Figures 2 and 3 are defined as a “tier.”

In visualization, metaphors are used to model data by extracting
the essence of the data and organizing it in a readily understandable
model. This makes it easier for users to analyze and discover infor-
mation hidden in massive data. However, there are risks with using

metaphors. Metaphors should not over-simplify, over-complicate, or
mislead; they should be suited to the task and data [18, 19]. Avise
discusses metaphors from the perspective of a geneticist. He says
that metaphors are valuable tools for thinking; they influence how
we think about things; and we should evolve our metaphors or look
for new ones as understanding of our problem space changes.

We have discussed how we see the wrapped line metaphor as a
natural extension of the traditional genomic graphics as well as of
the notion of genetic sequences as very long strings of text letters.
We recognize several problems with the metaphor. First wrapping

Figure 5: DNA view of an entire plasmid. This image shows only the
location of the peptides relative to the DNA. Fiaure 9 shows the same

requires we interrupt the sequences at the right side of a view and
resume them on the left. Thus, consecutive amino acids or nucleo-
tides can be separated by the width of the view; intuitively continu-
ous things ought to be connected. ORFs or peptides depicted by bars
or lines may be similarity interrupted; very long ORFs could wrap
twice or more. An alternative would be to maintain the continuity by
making a U-turn at the sides of a view, then continuing in the oppo-
site direction. In this way, the sequence could snake its way down
the view in one contiguous line. This has the unacceptable disadvan-
tage of confusing our sense of the DNA direction which would
change from line to line.

In both layouts described so far, a second order discontinuity ex-
ists that further reduces their intuitiveness. Generally, the proximity
of points in a display is assumed to indicate proximity of the under-
lying data. Note that neighboring pixels in the vertical direction
represent sections of the sequence that are less related than more
distant pixels along the same line. The Hilbert curve, or some modi-
fication, could be a suitable option for drawing a continuous line
while minimizing the distance between neighboring pixels [20].
Again, this metaphor does not support the need for a sense of direc-
tion; advancing down the sequence could, at times, mean moving up,
down, left, or right.

The failure to locate pixels representing neighboring DNA sec-
tions close together affects the selection of an area by rubber band.
Consider a rubber band drawn as a small box left to right across 10
pixels per row for two rows in the center of the our DNA view. As
the band is pulled from its starting line to the next, the selected area
would include the upper leftmost pixel in the box to the end of the
first line and the start of the second line to the lower rightmost pixel



of the box. The selected area would contain not 20 pixels, but 266
(256 + 10) pixels. While this is not intuitive, selecting just the 20
pixels inside the defined box would not make much sense; the result
would be two loosely related segments of the sequence. The same
problems with selecting an area by rubber apply with the U-turn and
Hilbert lines.

One final problem with the wrapped line metaphor is that biolo-
gists are accustomed to seeing a bacteria chromosome depicted in a
ring because this class of chromosomes is in fact circular rather than
linear. Circular chromosomes are often drawn as a ring with the
ORFs as radian segments across the ring. In the ring metaphor, the
OREF sequences are discontinuous; the direction of the ORFs is hid-
den. The biggest disadvantage to the ring metaphor is the very high
compression of the strand. Only a small portion of the available
pixel space is used to represent the information. We believe that
users will find the wrapped line more useful. From experience we
know that providing a link to a familiar metaphor helps some users
to trust and adopt new metaphors. We plan to add the ring metaphor
at some time in the future.

In PQuad the default peptide and protein color encoding is the
same for all resolutions, yellow for proteins and red for peptides.
Figure 4 shows a full DNA unit wrapped in the compressed view
with only the peptides shown. Figures 2 and 3 show an ORF and
sequence tier, respectively. These tiers are wrapped for the full scale
ORF and sequence views. The tiers are separated by space and, in
the case of the ORF view, the tiers are visually distinguished by
alternating the background colors. Examples of wrapped ORF views
appear in the following sections. It is quite easy in at all three resolu-
tions to distinguish ORFs with no peptides (all yellow), ORFs with a
few peptides (yellow with some red), and ORFs almost completely
covered by evidentiary peptides (mostly red).

5.3 Comparing Peptide Data Sets (Difference Visualiza-
tion)

Differential proteomics is an important proteomic research area
where peptide sets obtained from two or more different experimental
conditions are compared. As discussed in section 4.3, there are a
number of possible approaches for difference visualization. But
based on users’ needs, the preferred approach is to represent both
peptide sets in the same views using color encoding to show the
different cases. This has the disadvantage of limiting the number of
sets we can compare at one time to two or, at most, three. But this is
an acceptable limitation in view of the current manual spread-sheet
methods. Color-coding the peptides and their parent ORFs distin-
guishes three cases: present in one condition, present in the other,
and present in both. In the case of the ORFs, we must add a fourth
case, no peptides.

Two colors are used to represent peptides produced by each of
the two experimental conditions and a third color is used to represent
the peptides produced by both conditions. Figure 6 shows the legend
for difference views. This color scheme is consistent across the
DNA and the ORF views. The typical sparseness of peptides and

Both

[ |
.:- Condition1
_ Condition2
None

Figure 6: Legend for the differ-
ence visualization.

ORFs in the sequence view reduces the effectiveness of such color-
ing at that resolution.

With just a cursory glance at the DNA view of peptides only
shown in Figure 7, we can easily distinguish the peptides produced
by one (green), the other (blue), or both (red) conditions. An area of
interest selected in the DNA view updates the ORF view to show the
same area at the higher resolution with more detail as in Figure 8.

At first only the peptides were color encoded until it became
clear that the collective conditions of the peptides associated with an

Figure 7: DNA view of difference visualization for peptides for Con-
dition 1, Condition 2, and both conditions. Peptides are colored
green, blue, and red, respectively. The black box shows the cur-
rently selected location.

Figure 8: ORF view of the region surrounding ORF selected in the
DNA view of Figure 6. The black box shows the currently selected
location.

ORF ought to be propagated up to the ORF color encoding. Consider
an ORF with two peptides, one from Condition 1 and the other from
Condition 2. While the peptides are colored to indicate their individ-
ual conditions, the ORF is colored to indicate evidence from both
conditions. Biologists will most likely be interested in studying the
ORFs with peptides specific to a limited set of conditions thereby
revealing information that might be used to identify or confirm pro-
tein function.

5.4 Filters and Queries

Both filters and queries are necessary capabilities in any exploratory
analysis visualization. Users must be able to tune the visualization to
suit their analytical task, shape the visualization to consider multiple
perspectives, and control the amount of information presented. Fig-
ure 9 is the same as Figure 5 except the ORFs are visible. The ORFs
are depicted as yellow lines overlaid by the red peptides. This re-
veals the ORFs’ distribution and their relation to the peptides. The
user can also filter out the peptides to view only the ORFs or filter
out both ORF's and peptides to view the DNA alone. The user might
choose any or all three options during an analysis to reveal alternate
information or de-clutter the view.

Filters and queries can apply to ORFs and peptides. For exam-
ple, an ORF-based query might request a display of the predicted
protein function. Figure 10 shows the result of a request to see the
TIGR-defined [16] protein functions; the ORFs are color encoded to
indicate function. A combined color legend and histogram, shown in
Figure 11 maps the colors to the function names while showing the
relative distribution of ORFs across the function categories. A user
can select function categories in the legend to highlight the ORFs
with the selected function(s) in the view. There are public databases
such as TIGR [9], GenBank [14], Kyoto Encyclopedia of Genes and
Genomes (KEGG) [21], and Gene Ontology (GO) [22] that contain
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Figure 9: DNA view of peptides and ORFs. This is the same as
Figure 4 except the ORFs are now visible.

Figure 10: ORF view with ORFs color-coded with TIGR-defined
function. The combined legend histogram maps the colors to func-
tional categories.

categorical information about ORFs that can easily be depicted by
color. Using color to encode categories limits the number of catego-
ries to between 7 and 9, the number of colors that can be distin-
guished by the human eye at a glance[23]. For this reason, we are
investigating alternate ways to encode categories, for example, com-
bining texture and color.

A peptide-based query might be a request to color-encode pep-
tides in the visualization based on peptide identification confidence

Figure 11: ORF function legend/histogram.

metrics. Since the “identifications” are actually predictions and the
predictions are made with varying levels of confidence, showing the
confidence metrics is important for some analysis tasks. Biologists
might use the peptide prediction metrics to distinguish the highly
likely from highly unlikely peptide evidence, to evaluate peptide
identification software, or to test algorithms for confirming the pres-
ence of proteins based on peptide evidence.

5.5 Modelling the Data

The size of the data for the PQuad visualization can be huge. We
decided to generate the amino acid sequences from the DNA se-
quence on the fly as needed rather than store or look up the se-
quences for all the proteins and peptides. Given the primary strand,
the complement strand is easily generated. Given the bounding indi-
ces of an ORF or peptide relative to its strand, generation of the
relevant frame sequence is straightforward. This approach has many
advantages with only a few disadvantages for the bacterial data we
have used so far.

For the nominal data set, we need the nucleotide sequence of the
primary strand of a chromosome or plasmid and the ORFs and the
peptides derived from that sequence. Rather than store all the ORF
and peptide sequences (a truly huge amount of data), these se-
quences are reduced during the initial ingest to bounding indices
relative to the nucleotide sequence. The ORF and peptide sequences
are then generated on demand from the nucleotide sequence and
bounding indices. The first data set was based on the chromosome of
Shewanella oneidensis (ShewQ). This chromosome has 4,968,865
nucleotides, 4781 TIGR-defined ORFs, and 738 identified peptides.

One problem with the initial implementation using this approach
is that during the transcription, some nucleotides may be skipped.
This is called a frame shift since the protein sequence changes from
one frame to another. In this case, parts of our generated amino acid
sequences will be incorrect. The generated sequence for an ORF
with a frame shift will match the actual ORF sequence only to the
location of the skipped nucleotide; the remainder of the generated
sequence is incorrect. For the ShewO chromosome, only one such
ORF exists out of the 4781 ORFs. The solution is to define multiple
bounding index pairs to describe ORFs with skipped nucleotides as a
series of segments. The big challenge is in depicting these ORFs.

Reducing all the peptide and ORF sequences to bounding indi-
ces in the nucleotide sequence allows us to operate globally on a
single, simple reference scheme. All links between the DNA, pep-
tide, and ORF sequences are through the nucleotide sequence indi-
ces. To draw a sequence section or report information about the area
under the current cursor position, we query the peptide and ORF
collection classes using an index pair to retrieve lists of the relevant
ORFs and peptides. To do this, we create (once) two hash maps
using binned nucleotide indices as the key and a hash set of
ORF/peptide indices associated with the nucleotide index as the
value object. To retrieve the list of ORFs from the ORF hash map,
we submit an index pair that defines a sequence interval and receive
an iterator over the set of candidate ORFs. The candidate ORFs must
then be queried to see if they are indeed inside the target interval.



The number of nucleotides is much too great to map from each nu-
cleotide index to the set of peptides or ORF's associated with it. Even
if the number of sequence indices were not too large, there would be
entirely too much duplication; for instance, if an ORF falls between
indices 7 and 247, we would need to save the index of that ORF for
each of the 248 nucleotide indices. So we bin the indices and use the
bin number as the key. There needs to be a balance between the
number of bins and the size of the hash sets. This could use more
investigation; for the data we are using, 9000 bins seem to work
well.

5.6 Providing Contextual Information

PQuad provides contextual information at multiple levels including
not only graphical context but also descriptive information about the
data currently viewed; derived information such as counts of ORFs
and peptides, the length of the DNA sequence, and the current view
resolution; legends; selection location indicators across views; and
visual query (querying by brushing, that is, moving the cursor over,
an area in the visualization). Figure 12 shows the descriptive infor-
mation panel.

File View Settings

Databaselnfo | Sequencelnfo | Color Legend | Contrast

E&qunnm source: /DataPQUADDeinRDRA3_Large_Plasmid_1999.11-23.1

labase: Deinococus P12 (TIGR)
de Type: AMTs only

Experiment: All experiments

Figure 12: Descriptive Information Panel. There are two tabbed panes
for the quantitative and qualitative information about the current data
set.

For browsing, our users generally want more information than
will easily fit in a small label. Drawing sizeable labels near the cur-
sor would occlude too much of the graphic. For this reason, PQuad
displays information related to the current cursor position in a sepa-
rate panel below the graphic. PQuad’s Visual Query panel, shown in
Figure 13, provides the DNA sequence index range of the pixel un-
der the cursor, the list of collocated ORFs and peptides in the first,
second, and third lines, respectively. For now, the information
choices are fixed. In the future, users will be able to specify the in-
formation presented. For instance, biologists may prefer to see the
peptide sequence rather than peptide name or the protein function
label rather than the frame number.

Sequence indices: 162127 to 162132
DRBO135(Frame +3)

DRB0135.1641.1674 DRB0135.1635.1667 DRB0135.1637.1660

Figure 13: The Visual Query panel located at the bottom of all three
views.

6 FORMATIVE EVALUATION

After implementing the initial prototype of PQuad with the three
views at different levels of resolution and detail, we met with sys-
tems biologists for informal formative evaluations. The response
was encouraging. All indicated an interest in using PQuad in their
research. For one, we implemented the capability to export the Se-
quence view of an entire chromosome to multiple files. The biolo-
gists had a number of suggestions for added functionality. It is clear
that they have a variety of research data and interests as well as per-
sonal preferences. As might be expected, some of their views are

conflicting. Below we discuss two issues raised during the evalua-
tions.

First, one biologist wanted a highly compressed window that
would show the current position of the active cursor in all open
views. At the time, only selections were communicated between
views. Brushing information was local to a view. We can add the
capability to instantly update all views to show current cursor
movement. While this might work nicely when browsing a higher
resolution view, it would be chaotic when browsing over a lower
resolution view. A small change in cursor position in the DNA view,
for example, would force the ORF and sequence views to continuous
refocus and redraw. We have implemented a browser that shows the
brushed cursor position in the DNA View in a small window at the
ORF view resolution. As the user brushes across a DNA view, for
example Figure 4, not only does the visual query area provide cur-
rent sequence indices and peptide and protein names, the browser
shows a continuously updating view at the next higher resolution
and level of detail, for example Figure 3.

Second, another biologist wanted to see protein function infor-
mation depicted by coloring the ORFs. For a subsequent version of
our prototype, we downloaded this information from TIGR and col-
ored the ORFs based on their functions, as discussed in Section 5.4.
The result is seen in Figure 10. Upon showing screenshots to other
biologists, they advised us that ORF function information was use-
less to them; they would prefer cellular location or pathway informa-
tion from KEGG. This illustrates that the needs and preferences of
the biologists differ widely. Our requirements to appeal to biologists
and to supply appropriate context imply a generalized ability to filter
on whatever data the biologists can supply.

7 SUMMARY AND FUTURE WORK

PQuad provides powerful analysis capabilities through the novel
visualization of high-throughput proteomic data. We have defined
the three key resolutions for viewing peptides identified from MS
experimental data. PQuad provides these resolutions through coordi-
nated multiple views. It employs a wrapped line metaphor to DNA
sequences across all views to provide a larger context for exploring
and analyzing the peptide data. In addition, PQuad supports differen-
tial proteomics by simplifying comparison of peptide sets from dif-
ferent experimental conditions.

Scalability is a major challenge. At this time PQuad easily han-
dles DNA of 5 million basepairs with up to several thousand pro-
teins and peptides. PQuad bogs down as the DNA or proteomic data
sets increase in size both in the time to preprocess and in the refresh
rates of the visualization. We continue to seek ways to optimize
PQuad. Improved indexing is one solution. The human genome is
much more complex than the bacteria genomes currently visualized.
Unlike bacteria genes, human genes have large areas that are not
translated; the wrapped line metaphor may not be suitable for the
human genome. It will be interesting to continue studying the
wrapped line metaphor in this context to better understand its
strengths and limitations. Presently, PQuad ignores the frame shift
problem mentioned in Section 5.5. Even though the biologists seem
unconcerned about this, we plan to implement multiple bounding
index pairs as discussed. The level of customization, in terms of
auxiliary data, needed by biologists presents an interesting chal-
lenge. PQuad needs user-friendly and dynamic solutions to problems
associated with importing diverse, related data files and integrating
this data into the effective visualizations. Finally, there a number of
issues that should be more formally tested including the multiple
view approach and PQuad’s use of colors.

PQuad is on the road to adoption by biologists. Several early
adopters are interested in analyzing their proteomic data with
PQuad. The input formats for PQuad are simple, enabling users to
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create input files from their customary spreadsheets; a new system
under development [24] will soon be delivering data from the Pacific
Northwest National Laboratory peptide database to researchers in
PQuad-ready format.
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