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an ontology is the result of making choices to represent a specific aspect of reality, e.g., a 

biological entity such as a GPCR oligomer within an information system, database, or 

knowledge representation system, in order to make it amenable to certain types of computations 

(we therefore follow the definition of an ontology given in [28]). Choices are necessary to 

simplify the representation so that it only maintains the attributes needed for the type of 

computational use planned. From the use case scenarios and system requirements obtained as a 

result of an interdisciplinary effort, we have incorporated the elements of information that are 

required to describe sufficiently the phenomena of GPCR homo- and hetero-oligomerization, and 

also how these elements of information combine to form a system that will serve the targeted 

users. The ontology is a crucial component of the information management scheme for an 

information system because it formally specifies what can be stored in such a system and what 

types of computations can be performed with the stored material. The rest of this section 

describes in detail the ontology developed for a comprehensive GPCR oligomerization 

information system. The full ontology is depicted in Figures 2, 3, and 4, and is available in OWL 

format from the project web site [29]. A specific example is illustrated in Figure 5. 

 

1. Ontology primer 

1.1 The Oligomer concept 

The Oligomer concept is central to the GPCR-OKB, and we use it here to define the 

conventions followed in the rest of this manuscript. Figure 2 shows the Oligomer concept with 

its connections to other concepts of the ontology. In this manuscript, all graphical representations 

of the ontology follow the UML conventions [30]. Briefly, concepts are depicted by rectangular 

boxes with their corresponding names reported in the top portion of the box. Open-ended arrows 

from one concept to another indicate that the destination concept is more general than the source 

concept (those arrows can be read: ‘source “is a” destination’). Other arrows indicate 

relationships between concepts. Attributes of a concept are reported within each concept box. 

Attributes conventionally begin with lowercase letters. If the attribute name is made up of two or 

more words, the subsequent words are capitalized to make it easier to understand the name of the 

attribute. For example, Figure 2 shows that the Oligomer concept has an attribute oligomerName 

of type String  that stores the name of the Oligomer. The Oligomer concept also has a 

protomers attribute that lists the specific protein types that form the oligomer. The ontology does 
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not track the exact stoichiometric subunit composition of oligomers because most of the time this 

information is not known. Instead the ontology records what types of GPCRs are known or 

predicted to participate in that instance of Oligomer. For instance, to indicate that the δ-opioid 

receptor is predicted to oligomerize with the µ-opioid receptor, an instance of the Oligomer 

concept is created with a protomers attribute that references these two GPCRs. The protomers 

attribute is of type Collection<Protein> , a notation that indicates that this attribute can 

contain a number of instances of the Protein concept. The number of Protein instances that can 

participate in the relation defined by the protomers attribute is specified on the arrow from 

Oligomer to Protein. This is an example of an association between one concept and another, 

where one concept can have multiple instances of the other concept. In a UML diagram, such 

multiplicities of association are indicated at the start of the arrow between the two concepts. In 

this case, the notation 1..*  indicates that an instance of Oligomer may have one or more 

Protein instances in its attribute protomers, where the 1 indicates that an Oligomer must have at 

least one Protein associated with it, and the * indicates that there can be more than one Proteins 

associated with the Oligomer. Similarly, it is possible (for example in the association from 

Protein to Oligomer), that a Protein may not be a part of any Oligomer at all, or may be a 

component of many different Oligomers. In this case, the notation reads 0..*  (see Figure 2). 

1.2 ExternalReference 

Similarly to the protomers attribute, the literatureReferences attribute indicates that each 

instance of the Oligomer concept is associated with one or more (1..* ) ExternalReference 

instances. The literatureReferences attribute allows citations and other outside references to be 

attached to a particular Oligomer instance. The ExternalReference concept performs this function 

because its three attributes (externalID, resourceType and otherReferenceInfo) allow the 

identification of published material and external database links associated with that Oligomer 

instance. For example, an ExternalReference instance whose attributes are {externalID = 

10926528, resourceType = PubMed and otherReferenceInfo = ��} refers to an article in PubMed 

whose primary identifier is 10926528. This information is sufficient to identify the article 

describing the crystal structure of rhodopsin [31]. Articles that are not indexed in PubMed can 

also be referenced. A reference to this same article can also be constructed by using a DOI 

resource type: {externalID = 10.1126/science.289.5480.739, resourceType = DOI and 

otherReferenceInfo = ��} [32]. The ExternalReference concept thus allows the cross-linking to 
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and is described in more detail in the following section. The phenotype attribute indicates if any 

phenotypic changes were observed in the referenced study. (The concept PhenotypicChange is 

described in detail in Figure 4 and is discussed below). The literatureReferences attribute lists 

one or more publications describing each particular study. When the cell type in which the 

identification has been carried out is known, it is represented by the cellType attribute, which is 

encoded by the Cell Ontology [41]. When available, the attributes interfaceDiscovered and 

residuesFound indicate the parts of the protomers that have been found to interact in the 

Oligomer in the given study (see below). A prototypical example of the attribute 

interfaceDiscovered is offered by rhodopsin dimers [42]. Specifically, based on the AFM-based 

atomic model of rhodopsin dimers (MethodType = AFM, literatureReferences = [43]) the 

intradimeric contacts have been described as involving TM4 and TM5 [42] (interfaceDiscovered 

= {TM4, TM5}, where TM4 and TM5 are stored as instances of SecondaryStructureElement in 

the composedOf attribute of InteractionDomain, described below). Of note, a recent crystal 

structure of a photoactivated deprotonated intermediate of bovine rhodopsin has shown TM1 as 

an alternative dimerization interface [44]. The IdentificationStudy concept also includes a 

measurements attribute, which records how various experimental measurements obtained in the 

study are affected by treatment with ligands (see LigandEffectOnMeasurement, below). This 

attribute stores the effect of ligands on the experimental measurements performed in the study 

(see below, and Figure 4). 

3.2 InteractionDomain 

The InteractionDomain concept groups functionally or topologically related sets of 

residues that may or may not be adjacent in sequence. Other InteractionDomain concept 

attributes include domainName (e.g., extracellular, intracellular, transmembrane), and the 

protomer attribute that indicates what protein the defined interaction domain belongs to. If the 

domain can be mapped to defined secondary structure elements of the protomer, this information 

is stored in the composedOf attribute. For example, an InteractionDomain with domainName = 

extracellular would include four SecondaryStructureElements in the composedOf attribute, where 

the elementName would be N-term, EC1, EC2 and EC3, respectively. In the above example of 

rhodopsin dimers, there would be one InteractionDomain instance defined: with protomer = 

rhodopsin, domainName = TM4_5, and two instances of SecondaryStructureElement in the 

composedOf attribute, one with elementName = TM4, the other with elementName = TM5.. The 



 16

interactingResidues attribute is used in cases where it is known which residues in a domain 

interact at the interface (see below). 

3.3 Residue 

Information on the residues that are involved in the interaction at the interface is limited. 

To accommodate cases where this information is known we have included a Residue concept. 

The Residue concept represents a single residue. Similarly to the InteractionDomain concept, the 

protomer attribute of the Residue concept indicates to which protein the residue belongs, since a 

residue at the dimerization interface may belong to any of the protomers of the Oligomer. The 

protomer attribute for the various residues of a particular interface would be the same protein for 

homodimers, and either A or B for heterodimers. The position attribute is the absolute position of 

the residue in the protomer sequence, residueCode is the one letter code for the residue, and 

tmIndex and residueIndex support the generic numbering system described in [21, 22]. For 

instance, in the case of the dopamine D2 receptor, cysteine cross-linking studies have identified 

specific residues of TM4 at the interface of dopamine D2 receptor homodimers. One of these 

residues is Cys1684.58 at the extracellular end of TM4. Thus, this information can be represented 

as follows in the ontology: MethodType = Cross-linking, interfaceDiscovered = 

InteractionDomain:domainName = TM4, residuesFound = Cys1684.58, literatureReferences 

[45]). In the Residue concept, residue Cys1684.58 would be represented by protomer = dopamine 

D2, residueCode = C, position = 168, tmIndex = 4 and residueIndex = 58.  

3.4 MethodType 

The MethodType concept has three attributes: methodName, explanation and 

isComputational. The attribute methodName stores the abbreviation or common name of the 

method; the explanation attribute stores the description of that method. The attribute 

isComputational refers to whether the method is computational or experimental. The concept 

MethodType is further subdivided into CreationMethod and IdentificationMethod (see Figure 3). 

IdentificationMethod stores any method used to identify the existence of an oligomer. 

CreationMethod stores any method that can guide the prediction of the oligomeric interface 

leading to a 3D model of the complex. For example, a subclass of the IdentificationMethod 

concept describing the experimental method coimmunoprecipitation would have methodName = 

COIP, explanation = coimmunoprecipitation and isComputational = FALSE. Another subclass 

to be considered may be FRET (also shown as an example in Figure 3). The CreationMethod 
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the ontology: changes in internalization, changes in signaling, and differences in the ligand 

binding of the oligomer as compared to any of the constituent protomers. The effect that 

ligand(s) binding to one or more of the protomers in an oligomer may have on binding of ligands 

to other protomers, or on the change in signaling, is described by the CrossTalk concept. The 

Internalization concept is used to describe changes that different ligands have on the trafficking 

of the Oligomer to the cell membrane. Any information that is available about the mechanism of 

activation of the Oligomer is stored in the MechanismOfActivation concept. The 

PhysiologicalRelevance concept stores information about the Oligomer in vivo. 

 

Figure 5. UML diagram of the oligomerization-induced cooperativity effects in HEK-293 

cells co-expressing µ-opioid and δδδδ-opioid receptors. The attribute bindingXTalk compiles any 

information related to changes in the affinity of the ligandUnderTest (DAMGO) in the presence 

of another ligand (e.g., TIPP Ψ, deltorphin II, SNC80, or DPDPE). Treatment of HEK-293 cells 

with the selective δ-opioid ligand TIPP Ψ results in increased binding of the µ-opioid agonist 

DAMGO (see CrossTalk1). Among the δ-opioid selective agonists SNC 80, DPDPE or 

deltorphin II, only the last leads to a significant increase in DAMGO�s binding affinity (see 

CrossTalk2-4).  

 




