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Summary 

New high-throughput proteomic methods produce a deluge of proteomic data whose 

interpretation challenges the proteomic researcher. We show that viewing quantitative 

proteomic data in context with known protein interaction networks and canonical signaling 

pathways helps generate testable hypotheses. Applying our analysis and visual paradigms to 

protein interaction network visualizations increases the productivity of proteomic researchers. 

Structuring protein interaction networks around canonical signaling pathway models, 

exploring pathways globally and locally at the same time, and driving the analysis primarily 

by the experimental data all accelerate the understanding of protein pathways. The concepts 

are evaluated as part of an interactive visual system for analyzing quantitative proteomic data 

in the context of published protein-protein interaction networks and known signaling 

pathways. Concrete discoveries about quantitative perturbations in the phosphoproteome 

within T-cells, mast cells, and the insulin signaling pathway validate the findings. 

 

Introduction 

 

Recent advances in proteomic experimental techniques, improved analytical methods, 

and exponential accelerations in computer processing have enabled researchers today to 

produce vast quantities of experimental data on how protein interactions regulate activity in 

cells. The abundance of existing knowledge, combined with the sheer complexity of protein 

interaction networks, increases the information space even more. Thinking about the data at 

its original low level has long since become impractical. New computational techniques are 
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required that either extract relevant information automatically or let researchers process data 

faster by looking at condensed visual representations. 

The limitations in visualization of complex networks became acute when protein-

protein interaction databases were first created:  manually querying lists of interacting protein 

pairs no longer sufficed.  Many popular protein interaction databases — examples include the 

Human Protein Reference Database (HPRD) [1], Molecular INTeractions Database [2], 

STRING [3], and the Database of Interacting Proteins [4] — provide on their websites visual 

components that let users navigate the protein interaction space. Most of these visualizations 

represent protein-protein interactions via a node-link paradigm and produce visual layouts 

with spring models or other force-directed methods. Recently, more advanced standalone 

visualization systems have emerged; notably among them, Cytoscape [5] and VisANT [6] 

offer multiple representation methods, session-saving capabilities, and numerous features for 

pathway analysis. Moreover, users can add features and customize the software using plugin 

architectures. 

Nevertheless, aspects of these visualization systems can still be improved. For 

instance, using generic techniques devised by the graph-drawing community sometimes 

yields visualizations that are far from intuitive to proteomic researchers, since their failure to 

incorporate protein cellular location and signaling pathway drawing conventions detracts 

from the visualization’s familiarity. A recently proposed Cytoscape plugin [7] attempts to 

solve some of these problems by structuring networks in cellular layers based on user 

provided annotation. Another topic not sufficiently investigated is the integration into protein 

interaction visualizations of quantitative data from large-scale proteomics experiments. 

Cytoscape leaves that issue up to plugin developers; other systems simply let one load textual 

annotations onto a protein network. The visual display, analysis, and comparison of results 

from multiple quantitative proteomic experiments is still an area of active research. 
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Here we introduce novel visual paradigms and workflows as part of an interactive 

software solution for the visual analysis and quantitative comparison of multiple proteomic 

data sets from published protein-protein interaction networks and known signaling pathways. 

The methods, which are general and can be integrated into other proteomic visualization 

systems, have been tested and evaluated using experimental data from quantitative proteomic 

experiments. 

Figure 1 shows the system overview. Researchers analyze their data in the following 

workflow:  

1. import a model of a canonical pathway representation either by loading a 

signaling pathway image and preprocessing it to help the system infer the 

structure (Fig. 2a) or by specifying the model explicitly by placing proteins and 

interactions on an empty canvas (Fig. 2b); 

2. load one or more quantitative datasets (Fig. 3); 

3. automatically extract proteins and interactions from protein interaction 

databases such as STRING and build a network around the pathway model 

specified in step 1 and the quantitative data from step 2; 

4. represent the network graphically using a novel canonical pathway-oriented 

layout (Fig. 4); 

5. explore and analyze the network guided by interesting features noticed in the 

experimental data; investigate the network at interaction level using a focus-

context technique; analyze how known information blends with the new 

experimental results using such features as clustering of quantitative proteomic 

data, filtering, highlighting, and information on demand (Fig. 1); 

6. derive insights or generate new hypotheses, design and run new experiments, 

and restart from step 2.  
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Experimental Procedures 

 

Here we introduce the system design principles and implementation details employed 

in our new visual analysis system. The following topics are covered: the source of public 

protein interactions, quantitative proteomic data types, formats and visual representations, 

creation and visualization of the protein interaction network, the local view, general 

implementation details, and the features of the system.  

Interaction data: We currently use the STRING protein interaction database, version 7.0. 

STRING searches multiple sources for evidence of protein-pair interactions: database 

occurrence (HPRD, KEGG, REACTOME, etc.), genomic context, coexpression, high-

throughput experiments, and the literature. A score is computed for each source and 

aggregated into a number that quantifies the likelihood that a protein pair interacts.  

Experimental data: The quantitative proteomic data is loaded as XML or flat files upon 

pathway creation and can contain multiple quantitative data-points as well as protein 

identifiers and other meta data. The quantitative proteomic data are transformed into a 

colored heatmap representation (Fig. 3) indicating fold changes of a certain peptide across 

different experimental conditions (time course of receptor activation or comparison between 

wild type and mutant cells). If multiple experimental files are loaded, such as in the 

comparison between wild type and mutant cells, special types of heatmaps are computed for 

each pair of experiments to reflect changes between experiments: yellow then indicates a 

major change between the two experiments while black corresponds to no change. A single 

protein can have multiple heatmaps, one for each assigned peptide. The heatmap icon appears 

in two places: displayed in the expanded network exploration upper plane, attached to 

proteins revealed in the experiment (Fig. 1) and in a dedicated panel on the right (Fig. 1) 

containing all peptides discovered in an experiment.  
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Network generation: The starting point of the analysis is a canonical signaling pathway 

model of the investigated cell. The researcher can input the models in two ways: placing and 

dragging proteins and interactions on an empty drawing canvas or loading an actual pathway 

image and preprocessing it to help the system extract the structure. The preprocessing step 

entails coloring each element of the pathway with a single, continuous brush stroke (Fig. 2) 

that is used to infer the positions, sizes, and shapes of protein representations, the participants 

in an interaction, or the location and extent of membranes. Once the graphical model is 

complete, the pathway proteins need to be linked to STRING protein identifiers. The user 

chooses the correct protein by searching the STRING database for keywords, by accession 

number, or by protein sequence. 

Next, the software constructs a protein-protein interaction network structured upon 

the user-provided pathway skeleton.  The network is grown iteratively: first, proteins 

interacting directly with the canonical signaling pathway model are imported, and then at 

subsequent steps, proteins interacting with those added in the previous iteration are extracted 

from STRING and included. Finally, interactions among all proteins are loaded. The number 

of network levels is grown and the STRING confidence threshold above which interactions 

are considered are specified by the user. However, growing the pathway from the user-

specified proteins alone may leave experimental proteins outside the network.  To ensure 

inclusion of all experimental proteins in the final visualization, we also grow the network 

from the experimental proteins themselves. This solution increases the chances of linking the 

experimental proteins to the pathway since two networks are grown simultaneously toward 

each other.  

Computing protein positions: While the canonical pathway proteins have predefined 

positions, the software must compute where to put the STRING proteins. These proteins are 

placed depending on their distance, in terms of number of interactions, from each of the 
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pathway proteins. If protein P is interacting with protein A and is three interactions away 

from protein B, it is placed on the line segment between A and B, closer to A. This 

methodology leads to identical positions for some proteins and a force-directed approach [10] 

is used to perturb the layout and remove overlaps. Positions cannot be computed for proteins 

linked only to the experimental data and not to the known pathway. These are placed in the 

lower right side of the display, yielding a cluster of proteins that are not known to be 

connected to the pathway (Fig. 2b). 

Augmenting a pathway image with dynamic data: The following specialized operations 

are necessary to create the illusion that the STRING proteins and interactions are part of the 

pathway image: first, the size of the image proteins is determined from the user-drawn brush 

strokes. These sizes play an important part in computing the positions of STRING proteins: a 

larger pathway protein pushes neighboring STRING proteins further away, reducing the 

chances of overlap. The positions of pathway proteins are computed as the centroids of the 

brush paths. Strokes are also used to infer the approximate pathway protein shapes; image 

regions corresponding to these shapes are copied and redrawn on top of the STRING 

network. The membrane strokes are treated as control points that generate a repulsive force, 

pushing STRING proteins away in the force-directed protein-separation phase and creating 

barriers that keep nodes inside a region. These techniques ensure that the pathway model 

stays on top of the dynamic network and give the illusion that the canonical pathway 

representation and the dynamic network coexist and interact (Fig. 4a). 

Exploration view: Exploration is done in a plane that hovers above the global view and 

shows in detail only one protein and its interactors. Clicking one of the interactors shifts the 

center of the view to this selected protein, a change performed through smooth animation to 

maintain context understanding. Standard zooming and panning using mouse controls are 

also available but test cases show they are less favored by users. Proteins in the exploration 
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plane are arranged so as to mimic their placement in the global layer while satisfying 

aesthetic criteria such as minimum distances between proteins or interaction overlap (Fig. 5). 

The effect is achieved by applying a simulated annealing [11] algorithm that attempts to 

maximize layout similarities while ensuring a pleasing drawing. 

Implementation details: The application was written in C++. The G3D graphics library was 

used for 3D graphics and rendering and the Qt 4.3 library for user interfacing. The STRING 

database, version 7.0, was replicated onto our servers and managed with PostgreSQL. The 

application queries the database remotely. 

General features: The following features can be used to manipulate the visualization, query 

the data, and perform analysis tasks: clustering the quantitative proteomic data using a k-

means clustering algorithm, filtering or highlighting proteins and interactions to match 

multiple criteria simultaneously, providing information on demand and links to other 

databases, monitoring how long users look at a single protein in exploration mode to ensure 

balanced exploration of the entire network, and changing visualization properties such as 

colors and sizes. 

 

Results 

 

The main results of this work are a visual tool that facilitates protein interaction 

network analyses, several novel algorithms and methods, and a series of exploration 

paradigms that emerged during development. We show that applying these results in the 

context of systems for visualizing protein-protein interaction networks accelerates the 

discovery of new connections amongst quantitative proteomic data, interacting proteins and 

canonical signaling pathways.  
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Visually combining experimental data and known protein interactions enhances 

analysis 

We demonstrate that coupling new experimental data with protein interaction data 

extracted from public databases within a unified visual analysis system facilitates systematic 

exploration of proteomic data in this context. Although some of the workflows made possible 

by our system could be done previously using various disjointed components, our network 

visualization and data integration approach can shorten the process from weeks to days. In 

addition to the straightforward time gain, spending less time between ideas lets researchers 

integrate them more efficiently into a cohesive hypothesis. 

Our system makes possible the following workflow: researchers load quantitative 

experimental data into the system, for instance some quantitative proteomic data related to a 

user-defined canonical signaling network. For time course phosphoproteomic data, these are 

protein phosphorylation sites that manifest large fold changes either between timepoints in 

the same experiment or across multiple experiments targeting cells with mutated or deleted 

proteins. Protein metadata is integrated within the exploration as the user crawls through an 

enlarged view of the interaction network. This exploration mode allows the discovery of 

interacting proteins of newly revealed proteomic datapoints, while orienting the user to that 

proteomic datapoint within the canonical pathway-directed protein interaction network. 

For instance, a novel phosphorylation site Tyr23 was discovered on SLP76 in a 

timecourse of T-cell receptor activation phosphoproteomic experiment. The pathway 

exploration software revealed that this protein was known to interact with VAV.  Metadata 

available within the software revealed that the site was within the SAM domain, possibly 

mediating the interaction between SLP76 and VAV. In addition, a novel phosphorylation site 

was detected on SHP1 within its catalytic domain and the software revealed that SLP76 is a 
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direct substrate of SHP1. This observation led to the hypothesis that SHP1 negatively 

regulates SLP76. Validation of these hypotheses is ongoing.  

 

Canonical pathway-driven layout is intuitive for proteomic researchers 

Structuring dynamically extracted protein interactions around a familiar canonical 

pathway provides a more intuitive visualization that helps proteomic researchers orient 

themselves and learn the interaction network faster.  A proteomic experiment revealing 

hundreds to thousands of protein modification sites or potential protein-protein interactions 

overwhelms users with the many unfamiliar proteins.  Becoming familiar with the proteins in 

such an experiment is greatly facilitated by placing those proteins within signaling pathway-

structured protein interaction networks and integrating a variety of protein information 

databases within this framework. 

This pathway-structured method was motivated by negative feedback on an initial 

prototype that used a standard force-directed network layout. This feedback suggested that 

generic network-drawing algorithms fail to place proteins in positions that are meaningful 

either from a biological or a pathway-conventions standpoint (receptors can end up near the 

nucleus). Moreover, proteomic researchers were overwhelmed by the unstructured node-link 

diagrams such methods produce. This was also found in [8], while [9] illustrates the 

importance of node placement in another application area. 

Our approach requires the user to specify, using a simple interface, the canonical 

pathway representation of the signaling pathway under investigation. This can be done either 

by putting proteins and interactions on an empty canvas or by using a pathway image that is 

preprocessed to help the system extract the pathway structure; the preprocessing entails 

drawing single, continuous strokes over each pathway element — protein, interaction, 

membrane (Fig. 2a) and associating these brush strokes if possible to protein accession 
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numbers in the STRING database. Next, a network is grown from the user-placed pathway 

skeleton by extracting interactions from the STRING database. The dynamically extracted 

proteins are placed between the canonical pathway signaling proteins using position 

interpolation (Fig. 4). The case of specifying a pathway image and integrating dynamic 

information seamlessly into the already existing representation is more complicated than 

assembling a completely new visualization. Drawing the STRING-extracted elements on top 

of the pathway image has several disadvantages, as shown in Fig. 4c. The operations required 

to create the illusion that the STRING proteins and interactions are part of the pathway image 

are discussed in the experimental procedure section. 

Feedback on this new layout method was positive: the familiar pathway model that 

seeds the exploration appeals to proteomic researchers, reduces the initial ball-of-strings 

shock associated with most network visualizations, and helps orient users. Users can build the 

interaction networks directly from pathway images they have been working with, thus turning 

a static pathway model into a dynamic one. The methodology gives protein placements more 

meaning and ensures that well known proteins are placed in familiar locations. Overall, this 

layout method was preferred by proteomic researchers to traditional node-link diagrams 

generated by an earlier prototype and other protein network visualization systems. 

A problem identified in early testing was that growing the pathway from the user-

specified proteins alone omitted many experimentally observed proteins from the network 

due to the lack of connections between these proteins and the known pathway within the 

STRING database. This problem was addressed by growing the network not only from the 

pathway proteins but also from the proteins indicated by the experiment, thus ensuring their 

inclusion within the network. However, some experimental proteins will still not be 

connected. These proteins are placed in the lower right corner of the representation, 



Accelerated interactive visual analysis of protein pathways 

13 

essentially forming an island of proteins revealed in the experiment but not known to be 

connected to the user-provided signaling pathway skeleton (Fig. 4b). 

This approach has its benefits, as one test case revealed. After loading a large 

phosphoproteomic dataset onto the well established insulin pathway, a user immediately 

observed that many of the experimental phosphoproteins were connected to the signaling 

pathway, while the “island” of unconnected proteins was fairly small. Identified proteins 

covered the major region of the insulin signaling pathway, including the early activation 

receptors and late downstream proteins. This observation highlighted the utility of the 

proteomic method employed here. 

 

Global and local exploration modes (multilayer, multiscale views)  

We found that researchers prefer to explore an interaction network by using a local 

view of each protein, looking at a single protein and its interactors at a time (Fig. 5a). This 

initial hypothesis guided our design choices and was validated during our usage evaluations. 

During the testing stages much time was spent in local view instead of global view. 

In our system, the network can be explored at two levels simultaneously: at a global 

level, where clusters of proteins and other high-level structures are evident, and at a local 

level, where only one protein and its neighbors appear in detail as the researcher jumps from 

protein to protein in the network. The two types of visualization coexist as two parallel 

planes, the local one gliding above the global one (Fig. 5a). With these complementary views 

of the pathway space, the user explores the network in the detailed space that is rich in 

focused protein information from various databases while maintaining an overview of the 

explored area and orienting the expanded exploration to his or her location within the global 

view. 
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Testing showed that the exploration plane is the most popular mode of protein-

network exploration. The global view was used mostly to apply filters and highlighters and to 

jump-start exploration: researchers rarely looked directly at interactions in the global view, 

even though zooming and panning were available. This behavior can be explained by several 

benefits of our approach over traditional zooming methods: a single protein and its interactors 

can be viewed without clutter from any other network elements; all interactors are visible at 

once without panning; the space can be distorted to make room for additional glyphs and 

information associated with the proteins; and both views — global and local — are visible at 

the same time (Fig. 5). 

 

Comparative displays of multiple experiments help identify important pathway players 

Our test cases showed that the ability to load and compare multiple experimental 

results, for example from cells containing deleted or mutated proteins, helped researchers link 

cell behavior to experimental results. Also, researchers found it helpful to have the 

experimental data permanently visible to drive the exploration. 

For multiple quantitative data sets, the heatmap experimental data panel on the right 

(Fig. 1) is configured to contain tabs not only for each separate experimental dataset but also 

for changes observed between pairs of datasets. For instance, in a phosphoproteomic receptor 

activation timecourse experiment involving wild type and cells lacking critical signaling 

proteins, the heatmap tab contains a tab dedicated to timecourse phosphopeptide heatmaps in 

the wild type cell, another tab for the mutated cell, and a third tab displaying the fold change 

of individual phosphopeptides observed between the two cell types through the receptor 

activation timecourse. This feature can be particularly useful in knockout type experiments 

since the differences in behavior between a normal and a mutated cell become evident 

immediately. 
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The experimental data panel located on the right side of the screen is always visible 

(Fig. 1). Researchers use it to explore the new quantitative data systematically — based on 

clustering of similar quantitative patterns, alphabetically by protein name, by number of 

interactions, etc. The items in the experimental data panel can be used to start the exploration 

by linking directly to the expanded multiplane representation.  

The following test scenario showed the usefulness of this approach: in an experiment, 

a known T-cell signaling protein ZAP70 was removed from the cell and quantitative 

phosphoproteomic perturbations were mapped using a stable isotope labeling method 

(SILAC).  An interesting change was noticed on Lck kinase, an upstream component of the 

pathway: the phosphoryaltion of Lck was greatly delayed when the downstream protein 

ZAP70 was removed. The visual analysis tools were used to uncover a connection between 

the ZAP70 family member SYK kinase and the altered upstream protein Lck.  A single click 

within the software revealed the paper describing this modification at exactly the same 

position and its role in feedback inhibition of the pathway. 

 

Discussion 

 

Maintaining tight collaboration between researchers from computer science and 

proteomics let us better understand the requirements and specifications of proteomic 

visualizations. Instances such as the canonical pathway-driven network layout or the 

experimental data-guided exploration of networks are tangible results of our collaboration. 

Good proteomic visualizations should support and automate part of proteomic 

researchers’ data analysis workflows. But identifying these workflows is nontrivial and often 

varies between individual labs and researchers. The novelty of experimental data and 

constantly evolving proteomic methodologies make it hard for the researchers themselves to 
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describe their workflows clearly. However, the process of workflow discovery, while 

laborious for both proteomic and computer science researchers, is beneficial for both parties 

since it identifies where computers can help most. 

Although the network exploration paradigms defined here could be used with any 

protein interaction database, the advantages of using the STRING database are that data can 

be analyzed at varying levels of confidence and that it incorporates information from many 

other protein interaction databases. Negative aspects of STRING include high redundancy, 

ambiguous naming, and insufficient metadata. Providing useful metadata and cross 

referencing was especially challenging due to the difficulty of translating protein identifiers 

across independent protein databases. STRING identifiers must also be specified when 

inputting the pathway model and the experimental data, but finding those identifiers by name 

or peptide sequence is not always straightforward. A protein homology search using the 

BLAST algorithm of the entier STRING database against the Human Protein Reference 

Database (HPRD) revealed exact matches for approxiametly 80% of the proteins in our test 

networks, meaning that researchers can easily link out to the highly detailed HPRD metadata 

for about 80% of the proteins in our system. 

One drawback of the canonical pathway-guided layout is the overhead associated with 

specifying the canonical signaling pathway within the software. The most laborious steps are 

inputting the structure and searching for correct STRING identifiers based on protein names 

alone; the latter can be time consuming due to naming ambiguities, multiple matches, and 

missing proteins. Initial testing revealed that the ability to explore interaction networks helps 

users identify the correct canonical signaling pathway protein within the database through its 

interacting partners.  This mode of STRING accession-number retrieval will be added to the 

software soon. A canonical signaling pathway skeleton, once constructed, can be used to 
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build multiple networks for different proteomic experiments within the framework of a single 

signaling pathway. 

The local exploration plane received positive feedback and was used extensively in 

our test cases. Its simplicity is both an advantage and a limitation. Users can easily 

understand what the display is showing and how to crawl around the network, while the 

visualization avoids clutter and in most cases does not require zooming or panning. Although 

the placement of interacting proteins within the upper expanded view plane corresponds 

roughly to the placement within the global lower plane, users can find it difficult to decide 

the optimal direction for manual network exploration.  It would be interesting to investigate 

the effects of displaying more than one level, of introducing orienting metaphors such as 

signposts, and of using the visible underlying network in navigation.   

We have presented several novel visualization methods and paradigms for the 

analysis and quantitative comparison of multiple proteomic data sets in the context of 

published protein-protein interaction networks and known signaling pathways. We evaluated 

the effectiveness of the methods in terms of data insights, hypothesis generation, and 

improvements in analysis time. Although presented in the context of a specific proteomic 

visualization system, the visualization principles are general and can be extended to other 

visualization software packages. We believe that applying the principles presented here to 

proteomic interaction visualizations will increase adoption rates among proteomic 

researchers, sharpen system and network learning curves, and accelerate protein network 

knowledge extraction from massive quantitative proteomic datasets. 
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Figure Legends: 

Figure 1: System overview. Proteins and interactions dynamically extracted from the 

STRING database (small fonts) are integrated directly into an image of a canonical signaling 

pathway. A semitransparent plane gliding over the global image is used to navigate through 

the network in a one-level-at-a-time mode. Heatmaps representing quantitative data from 

proteomic experiments appear on the right. Systematic exploration of the proteomic data is 

enhanced by clustering the heatmap data in the right pane as well as by the links among the 

list of proteins and the highlighting of the protein in the central dilated pane. A single user 

click on a protein in the right pane centers that protein within the expanded plane, letting the 

user crawl through the local interaction space, and highlights that protein within the global 

network overview plane, providing a simultaneous detail view while orienting the user to the 

position within the global network. Metainformation about proteins and interactions, filters, 

highlighters, and other operators is on the left. 

 

Figure 2: Importing a signaling pathway into the system. (a) A canonical signaling pathway 

representation can be imported into the system in two ways: (b) the pathway image itself is 

loaded into the system and preprocessed by drawing with a virtual brush single, continuous 

strokes over each pathway element (here proteins are shown in yellow, interactions in black, 

and membranes in green); the system can then infer the pathway structure automatically; (c) 

protein and interaction icons are placed and dragged on an empty canvas to create a new 

pathway model. After positional assignment of each protein, the software aids in associating 

interaction database accession numbers to each of the newly defined canonical pathway 

proteins. 
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Figure 3: Loading and visualizing quantitative proteomic data. (a) Selected-ion 

chromatogram of the FceRI gamma-derived phosphopeptide ADAVpYTGLNTR for nine 

time points.  (b) Line in a file containing experimental data ready to be loaded. (c) Software 

display of a heatmap representing the same peptide’s relative abundance across the nine time 

points, attached to the FceRI-gamma protein. Black represents the average value for a certain 

peptide across all conditions, blue corresponds to a below-average abundance, and yellow to 

an above-average abundance. The intensity  of the color corresponds to the magnitude of the 

fold change across all peptides: the most intense yellow and blue represent the single peptide 

that changes the most across all peptides. Missing values are indicated in white.  

 

Figure 4: Proteins and interactions from STRING (small fonts) that are connected to the 

canonical pathway model are: (a) integrated directly into the signaling pathway image and (b) 

structured around a user-constructed model. One protein is selected and interactions with 

neighboring proteins are highlighted. STRING proteins are placed in a structured manner 

between the pathway proteins based on their separation from the pathway proteins. (c) A 

disadvantage of simply drawing the network on top of the pathway image: STRING 

interactions obscure elements of the canonical pathway; compare the improved method (a) in 

which important pathway elements remain in the foreground. 

 

Figure 5: Exploration plane versus zoom-and-pan. (a) The network is explored in a separate 

plane showing only one protein and its interactors. Selecting an interactor changes the view 

to that particular protein via a smooth animation.  This interaction network-crawling method 

allows systematic discovery of connections among proteomic data and existing protein 

knowledge. Transparency keeps the global view visible and the same protein is highlighted 

within both planes. The protein layout in the exploration plane mimics the layout in the 
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global plane, but is slightly distorted to  achieve a more attractive representation. Changes in 

peptide abundance are represented as linear heatmaps. A gradually filling bar tracks how long 

the user has been analyzing a protein and its neighbors. (b) Zooming and panning, while also 

available to explore the network, have several drawbacks: the view is cluttered, some 

interactors reach outside the viewing area, there is no space for additional details, and the 

global perspective is lost. 
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