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Abstract 
Pheromones are chemicals from conspecifics that affect innate behavior or hormonal 

changes. In mammals, the vomeronasal organ (VNO) is thought to play a prominent role 

in detecting pheromones; the vomeronasal sensory neurons (VSNs) express three 

families of seven-transmembrane G-protein coupled receptors (GPCRs): the V1Rs,  

V2Rs, and FPRs, in two molecularly and spatially-distinct regions.  In mice, VSNs that 

express the V2Rs are thought to detect peptide cues, including MHC-presenting 

peptides, major urinary proteins (MUPs), and exocrine gland-secreting peptides (ESPs). 

They are thought to be involved in various pheromone-mediated behaviors and 

physiological changes, such as mating, aggression, and selective pregnancy block. In 

order to understand how pheromones are detected by the vomeronasal receptors, it is 

essential to know which receptors are activated by a given chemical. However, 

identifying cognate ligands for the V2Rs has been challenging, partly because they are 

poorly localized to the surface of heterologous cells. Here, we show that the calreticulin 

chaperone family members play a crucial role in trafficking V2Rs. A calreticulin 

homologue, calreticulin4 is specifically expressed in the VNO, while calreticulin 

expression level is low. Depleting calreticulin expression in HEK293T cells allows 

V2Rs to be trafficked to the cell surface, whereas expression of calreticulin4 does not 

block the trafficking of the V2Rs. Using this knowledge, we have established a 

heterologous cell system to functionally identify the V2Rs and demonstrate that the ESP 

family members can differentially activate the V2Rs. We also show the large 

extracellular domain of the V2Rs plays a crucial role in ligand selectivity. Our results 
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provide a platform to characterize ligand selectivity of the V2Rs and suggest that a 

unique mechanism involving calreticulins regulates the functional expression of the 

V2Rs.  
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Chapter 1 : Introduction 

1.1 An infinite mind: olfaction, the sense of smell 

1.1.1 What is olfaction? 

The vivid world of odors is recognized by the sense of olfaction. Olfaction 

refers to the ability of an organism to “smell”, that is, detect odorant stimuli in the 

environment and respond appropriately. Sensing such stimuli is fundamental to 

processes like recognition of food and predators, distinction between pleasant and 

unpleasant odors, detection of noxious gases/ chemicals in the environment, location of 

and communication between conspecifics (of the same species) and finding receptive 

mates. Humans are able to perceive 10,000 or more odors emanating from the 

surroundings: trees, flowers, food, compost, bacterial products, industrial outputs and 

so on. Other vertebrates (animals with spinal column) like canines and rodents are 

credited with a more acute sense of smell than humans.  Loss of the sense of olfaction 

can lead to general or specific anosmias, that is inability to smell all or specific odors 

and/or behavioral attenuation. Evolutionarily, olfaction is one of the most primitive 

senses, underscoring its importance in basic survival strategies.  

1.1.2 Stimuli for olfaction 

The nature of olfactory stimuli depends on the environment.  Broadly, such 

stimuli can be categorized into two types: odorants and pheromones.   
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Figure 1-1: Olfactory stimuli, odorants and pheromones.  

Odorants: Odorants represent the repertoire of volatile “scented” chemicals that 

enable an animal to “smell”.  Thus pleasantness of floral scents, unpleasantness of fecal 

matter, pungentness of rotten food or acridness of acid vapors can all be ascribed to 

volatile odor molecules, organic or inorganic, that an animal is able to inhale and 

process. Odorants provide general information of the environment and its congeniality 

and elicit behavior like fleeing on smelling a predator, foraging on smelling potential 

nutrition or avoidance on smelling unpleasantness.  

Pheromones: Pheromones represent the set of chemicals that are synthesized 

and secreted by an individual of a species and detected by another individual of the 

same species and elicit hormonal changes or species stereotype behavior. The chemical 

nature of pheromones is more specific for different animals and the kind of information 

they (pheromones) encode. Pheromones in terrestrial vertebrates are often volatile air 

borne chemicals that may be metabolites. These usually have short half lives and may 

evoke sudden short responses from the recipient. Since these chemicals are usually 



 

3 

metabolites, their chemical natures are determined by parameters like the level of stress 

the animal experiences, health and age. On the other hand there are peptide pheromones 

that are genetically encoded and therefore not as variable for an animal as their 

metabolites. They are likely to encode information on the sex, strain or species of the 

animal in question.  

1.1.3 The vertebrate olfactory system 

 In vertebrates, detection of odorants and pheromones is carried out by an 

elaborate organization of the olfactory system, which can be divided into two parts 

(Figure 1-2a): 

1. Main olfactory system: The main olfactory system comprises of olfactory 

sensory neurons lining the upper part of the nasal chamber and continuous with mucosa 

lining the rest of the chamber. The main olfactory epithelium is thought to detect the 

vast majority of odorant chemicals that relay environmental information pertaining to 

predators, pray, pleasant or unpleasant smells, noxious or toxic gases. 

2. The accessory olfactory system: Variously called the vomeronasal organ or 

VNO or Jacobsons organ, the accessory olfactory organ is a blind ended, bilaterally 

symmetrical tubular structure located in a closed cavity (vomer bone) between the 

mouth and nasal chambers.  In cross section, the VNO comprises of two bean shaped 

lobes, each physiologically divided into the apical and basal layers (Figure 1-2b, inset). 

The VNO is thought to be fine tuned to detecting pheromones, chemicals that mediate 

intraspecific communication. In this study, we have focused on the VNO and 

molecular mechanisms involved in detection of pheromones.  
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Figure 1-2: Mammalian olfactory systems.   

a, Vertebrate olfactory systems. b, VNO positioned in the head; cross section of the 
mouse VNO (inset). 

1.2 Pheromonal olfaction: the importance and universality 

1.2.1 Importance of pheromonal olfaction 

 Pheromonal olfaction mediates intraspecific (between individuals of the same 

species) communication, resulting in a variety of social behaviors that are fundamental 

to the sustenance of life and propagation of progeny. Instances of interesting social 

behaviors stemming from such olfactory communication includes locating conspecifics 

in the wild, maternal aggression towards intruders, suckling and care of one’s 

offsprings, determining the sex, strain and maturity of potential reproductive partners, 

onset of puberty, courtship behavior of males to attract conspecific females, territorial 

dominance of an individual in a group or individual urine marked areas and aggression 

towards intruders (Figure 1-3). Little is known about the molecular mechanisms that 

underlie these behaviors.  



 

5 

 

Figure 1-3: Some intraspecific behaviors mediated by pheromones.  

1.2.2 Universality of pheromone communication: from bacteria to 
vertebrates 

In the invertebrate world, yeast release peptide mating factors α and a that carry 

information about their mating type, bacteria release peptides that transmit information 

about population density and initiate mating (Waters and Bassler 2005); sea mollusk 

Aplysia employs a mixture of pheromones including attractin, a 58kDa protein to 

stimulate mate attraction and egg laying (Cummins, Nichols et al. 2006) and 

Drosophila male accessory glands produce a 36-amino acid peptide called sex peptide 

that triggers increased egg laying and reduced sexual receptivity of females via the 

female reproductive tract (Kubli 1992; Yapici, Kim et al. 2008); to cite a few examples 

among vertebrates, male newts (Kikuyama, Toyoda et al. 1995; Kikuyama and Toyoda 

1999; Toyoda, Yamamoto et al. 2004), tree frogs (Wabnitz, Bowie et al. 1999) and 

salamanders (Rollmann, Houck et al. 1999; Palmer, Hollis et al. 2007; Houck, Watts et 

al. 2008) are known to release peptide pheromones that attract conspecific females. 
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Peptides pheromones are also extensively used by rodents, mice, in particular, to 

communicate among conspecifics (described in depth later). 

Vertebrates often use the VNO to detect pheromones; thus, male salamanders 

do a nose tapping, to activate the VNO to chemosensory cues (Schubert, Houck et al. 

2006), felids and ungulates display Flehmen response involving a brief twitching of the  

upper lip and nostrils to pump pheromones  into the VNO, while laboratory mice carry 

out intense olfactory investigation, snout and nose contact with a conspecific 

introduced in their cage, that by some unknown mechanism delivers pheromones to the 

deep seated VNO.   

1.3 Pheromone sensing in mice 

As noted, mice have a prominent and well developed VNO that has been 

repeatedly implicated in pheromonal responses and species communication (examples 

cited later). Pheromone sensing, starting from detection from the surrounding to 

execution of a hormonal/ behavioral response is a complicated pathway.  To visualize 

the pathway, one may picturize it as an integration of four simpler steps:  

1.Detection of potential pheromonal ligands/ compounds at the interface of the 

environment and the VNO by the use of candidate receptors. 

2.Conversion of external pheromone- receptor binding, into an intracellular signal.  

3. Relaying of intracellular signals to the brain. 

4. Output of brain processing as behavioral/ hormonal change.  
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Figure 1-4: Simplified scheme of events in pheromone detection and behavior.  

Step 1, Detection of pheromones by candidate receptors at the interface of the VNO 
and environment. Step2, Conversion of external pheromone – receptor binding into 
intracellular signals. Step 3, Relaying intracellular signals for the brain to interpret. 
Step 4, Output of brain processing: behavioral/ hormonal change. 

While, relatively extensive studies have been carried out on the second, third 

and fourth steps of the scheme using wild type and genetically modified mice, the very 

initial step, involving ligand binding by potential ligand receptors in the VNO is 

somewhat understudied, due to unavaibility of suitable tools. An overview of each step 

of pheromone perception is provided followed by their detailed description.  
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Figure 1-5: Components of pheromone detection pathway in mouse. 
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1.3.1 Detection of pheromonal ligands/ compounds at the interface 
of the environment and the VNO by candidate receptors 

The process of pheromone perception starts with detection of pheromones at the 

periphery of the accessory olfactory system. Interaction of the VNO with the 

environment at their interface involves the interplay of: 

• Candidate pheromone receptors in the VNO: V1Rs, V2Rs, H2-Mvs. 

• Potential pheromones that activate the VNO and may carry conspecific 

information. 

Candidate pheromone receptors in the VNO: V1Rs, V2Rs, H2-Mvs 

The main olfactory epithelium (OE) expresses a battery of G protein coupled 

receptors (GPCRs), odorant receptors (ORs) (Buck and Axel 1991) and associated 

signaling molecules. Odorant molecules, have been shown to bind to and activate these 

receptors both physiologically (Malnic, Hirono et al. 1999) and in heterologous cells 

(Saito, Kubota et al. 2004), the signal being relayed through the olfactory bulb to higher 

order of the brain causing the sensation of “smell”.  Similarly, the periphery of the 

pheromone sensing system comprises of at least three unrelated GPCRs, expressed in 

two layers of the VNO. Perception of pheromones is thought to begin with the detection 

of the same by these receptors, and subsequently relayed through the associated 

signaling system. The apical layer of the VNO is characterized by the expression of a 

class of GPCRs, Vomeronasal receptor class 1 (V1Rs) (Dulac and Axel 1995) while the 

basal zone is characterized by the expression of another class of GPCRs, Vomeronasal 

receptor class 2 (V2Rs) (Herrada and Dulac 1997; Matsunami and Buck 1997; Ryba 
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and Tirindelli 1997). Neurons in both the apical and basal layers express a third family 

of GPCRs: the formyl peptide receptors (Liberles, Horowitz et al. 2009; Riviere, 

Challet et al. 2009). These apart, some of the basal neurons express a group of non 

classical major histocompatibility complex class 1 (H2-M1, H2-M9 and H2-M10) 

molecules MHC class 1b). The VNO also expresses a putative component of a calcium 

ion channel, TRPC2 (Liman, Corey et al. 1999). The V1Rs and V2Rs, which are the 

major families of putative pheromone receptors, are exceedingly difficult to express in 

heterologous cells, thus laboratories are left to the challenging project of dissecting 

these molecular components in whole animals.  

Vomeronasal receptors type 1 

During the last decade, the apical layer of the VSNs was shown to express a 

class of GPCRs, using single celled PCR and named vomeronasal receptors (Dulac and 

Axel 1995), later renamed V1Rs. In mice, the V1R class has ~150 genes, clustered in 

12 sub families (Grus, Shi et al. 2005; Zhang, Zhang et al. 2007), over multiple 

chromosomes, encoded from single exon. These receptors  belong to GPCR family 1, 

are remotely related to odorant receptors but are more similar to T2R bitter taste 

receptors and have motifs common to the T2Rs  (Chandrashekar, Mueller et al. 2000). 

They have a short extracellular N terminal domain, seven membrane spanning domains 

and a short intracellular C terminal domain; each sensory neuron expresses a single 

V1R.  
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Figure 1-6: Mouse V1R repertoire.  

Mouse V1Rs cluster into 12 phylogenetically highly isolated sub families (V1ra-l). 
Adapted from Del Punta et al, Nature, 2003. 

The apical zone also expresses an alpha subunit of G protein Gαi (Berghard and 

Buck 1996) that is thought to couple with the V1Rs and translate ligand-receptor 

binding into an intracellular signal. Sensory neurons in the apical layer have been 

shown to respond to a variety of volatile compounds.  Del Punta et al deleted a 

chromosomal locus containing 16 genes from the V1Ra and V1Rb clusters and have 

demonstrated VSNs from the mutant mice do not respond to several volatile 

pheromones and also show behavioral abnormalities (Del Punta, Leinders-Zufall et al. 

2002).  A specific receptor V1Rb2 has been matched with a ligand, 2-heptanone by 

carrying out ligand activated calcium imaging in VSNs expressing the GFP fused 

receptor and receptor knock out (Boschat, Pelofi et al. 2002). 

Vomeronasal receptor type 2  

Shortly after the discovery of the V1Rs, three groups independently reported the 

expression of the second class of putative pheromone receptors in the basal 
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neuroepithelium of the mouse VNO (Herrada and Dulac 1997; Matsunami and Buck 

1997; Ryba and Tirindelli 1997). These were called V2Rs; the V2Rs belong to the third 

group of GPCRs and are characterized by an unusually large extracellular N terminal 

domain, commonly referred to as the Venus-fly-trap structure. Thus these receptors are 

closely related to other family 3 GPCRs like the metabotropic glutamate receptors, 

calcium sensing receptors and T1R sweet taste receptors. The V2R class has ~123 

intact gene receptors, and ~160 pseudogenes. Broadly, these are divided into three sub 

families, A, B and C (Yang, Shi et al. 2005).  Each basal VSN expresses either a family 

A receptor or a family B receptor (Herrada and Dulac 1997; Matsunami and Buck 

1997) and co expresses a family C receptor (Martini, Silvotti et al. 2001). A and B 

families are related while family C is distinctly different (Yang, Shi et al. 2005), 

evolutionarily, in amino acid sequences and expression profile; family C appears to be  

more similar to calcium sensing receptor. 
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Figure 1-7: Mouse V2R sequence variability and repertoire. 

 a, V2R sequence variation; red indicates highly variable, blue indicates highly 
conserved. Adapted from Yang et al. Genomics, 2005. b, mouse V2R subfamilies. 
Adapted from Silvotti et al. J. Neurochem. 2007 Dec. 

The basal layer of neurons also expresses Gαo (Berghard and Buck 1996) which 

may couple with the V2Rs. The V2Rs are encoded from six exons (Matsunami and 

Buck 1997), the last exon codes for the seven helical TM domains while the first five 

encode the extracellular domain. The ECDs of V2Rs are more variable while the TM. 

Sensory neurons in this layer have been shown to respond to peptide ligands like major 

urinary proteins, MHC peptides and ESP1 (discussed below).   

H2-Mvs 

There are two primary groups of Major Histocompatibility Complexes, MHC 

class I and MHC class II. MHC class I are found on the cell membranes of all nucleated 

cells and present fragments of endogenous proteins to cytotoxic T cells such that healthy 

cells are left alone and infected/bacterial/parasitic cells are discriminated and destroyed 

by the immune system. MHC class I comprises of two polypeptides namely α and β-2-
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microglobulin (encoded from different genes) associated non-covalently. The α subunit 

consists of three domains α1, α2 and α3; α1 and α2 are extracellular and fold to make up 

the peptide binding groove while the α3 (also extracellular) connects the former to the 

trans membrane (TM) domain. Based on the degree of polymorphism, MHC class I is 

again divided into two groups: MHC class Ia or the highly polymorphic group and MHC 

class Ib or the less polymorphic group. The basal layer sensory neurons of the VNO 

express a group of the class Ib peptides (Ishii, Hirota et al. 2003; Loconto, Papes et al. 

2003) (including H2-M1, H2-M9 and H2-M10), encoded from the H2-M locus of 

chromosome 17 and their expression has been found to be restricted to the VNO basal 

neurons so far. The function of the H2-Mvs in the VNO basal neurons is not entirely 

clear; Loconto et al have provided some evidence H2M10.5 may be required for surface 

expression of a particular receptor, EC1-V2R in spermatogonia cells; β2m-/- mice fail to 

show surface expression of V2Rs in vomeronasal neurons, therefore they may be 

required for surface targeting of V2Rs (Loconto, Papes et al. 2003). They may also act 

as co receptors for ligands with the V2Rs. H2-Mvs however, are not expressed in all 

basal sensory neurons. In fact, Ishii and Mombaerts have suggested a tripartite 

organization of the vomeronasal system where three distinct layers have V1R+/ Gαi+, 

V2R+/H2Mv-/ Gαo+ and V2R+/H2Mv+/ Gαo+ expression profiles (Figure 1-8). Therefore 

if the receptor trafficking hypothesis is true, it is possible H2Mvs are required for the 

trafficking of only certain receptors, or H2Mv expression is switched on in the 

V2R+/H2Mv-/ Gαo+ neurons only occasionally (Ishii and Mombaerts 2008). 
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Figure 1-8: Tripartite organization of the VNO.  

Tripartite organization of vomeronasal sensory neurons based on the expression of 
receptors, G-proteins and H2-Mvs. a, V1R, co expressed with Gαi in apical layer. b, A 
family A or B receptor, co expressed with a family C and Gαo in the basal layer. c, A 
family A or B receptor, co expressed with a family C, H2-Mv and Gαo in the basal 
layer. 

Neuronal responses to potential pheromones 

A number of peptide ligands have been found to effect socio- sexual behavior in 

mice and have also been found to activate sensory neurons in the basal layer of the 

vomeronasal organ. Major Urinary Proteins (MUPs), peptide components of male urine 

have been shown to bind pheromones (Bocskei, Groom et al. 1992; Sharrow, Vaughn et 

al. 2002; Armstrong, Robertson et al. 2005) and have been hypothesized to transport 

pheromones. MUPs have also been implicated in recognition of self and non self 

through olfactory investigation and urine scent marking by male mice (Hurst, Payne et 

al. 2001). More recently, Chamero et al have demonstrated that MUPs promote 

aggressive behavior in male mice (Chamero, Marton et al. 2007). This behavior is 

independent of ligand binding by MUPs as bacterial expressed and purified 

recombinant MUPs can incite aggression in male mice. Chamero et al have also 

demonstrated the MUPs activate VNO sensory neurons expressing Gαo, corresponding 
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to the basal layer that also expresses V2R receptors. Leinders-Zufall et al have found 

that peptides that serve as ligands for major histocompatibility factor class I proteins 

can also serve as signals for individuality and mate recognition in the context of 

pregnancy block (Leinders-Zufall, Brennan et al. 2004). When BALB/c-mated BALB/c 

females are exposed to C57BL/6 male urine, a termination in pregnancy (pregnancy 

block/ Bruce effect) is observed; similarly a C57BL/6 mated BALB/c females, on 

exposure to BALB/c male urine undergoes pregnancy block. On exposing BALB/c-

mated BALB/c females to BALB/c male urine mixed with MHC peptides from the 

C57BL/6 haplotype, pregnancy block occurs at the same rate as with exposure to 

C57BL/6 male urine. The MHC peptides also activate sensory neurons of the basal 

layer co expressing V2Rs and Gαo. Lastly, Kimoto et al have described a 7 kDa peptide 

secreted from the lachrymal gland of adult male mice that also activates basal layer 

neurons of female VNO (Kimoto, Haga et al. 2005). Interestingly, ESP1 induced cFos 

expression is restricted to a small population of neurons presumably expressing one (or 

more) receptor of the V2Rp sub family, as determined by mRNA insitu hybridization. 

ESP1 secreted by male mice may affect sexual behavior (lordosis) in female mice 

(Touhara 2008).  

Another class of chemicals recently demonstrated to activate the VNO is 

sulfated steroids (Hsu, Nodari et al. 2008; Nodari, Hsu et al. 2008). Urine fractionation, 

purification and structural analysis have revealed, such steroids or their precursors are 

present in urine, activate both male and female VSNs and that VSNs are tuned to sense 

fine differences in structure of these compounds. Sulfated steroids appear to be 
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produced in three fold concentration in stressed mice and therefore may provide cues 

for the physiological status of the mouse. However, steroid induced activity has not yet 

been ascribed to either the apical or basal layer neurons in particular.  

It is speculated that individual pheromones/ cocktails of pheromones activate 

VSNs expressing a vomeronasal receptor or subsets of VSNs expressing related/ 

unrelated receptors thus creating a different input profile from different pheromones or 

mixtures of pheromones.  Firing of axon potentials activate separate glomeruli/ sets of 

glomeruli in the accessory olfactory bulb (AOB); this differential firing of neurons in 

response to pheromones, resulting is differential activation of AOB glomeruli is 

thought to be the basis for decoding information carried by pheromones.  

Thus, different MHC class 1 peptides that have been shown to excite basal layer 

neurons, do so in partially overlapping sets, where some neurons respond to every 

peptide, while others respond to specific ones, giving rise to combinatorial coding (He, 

Ma et al. 2008) which may be the basis for individual recognition that is, recognizing 

self, different members of a litter, different non-littermates, individuals of different 

haplotypes and so on. Gender information encoding on the other hand is ascribed to only 

certain sets of neurons. Urine from the different sexes is thought to be a large source of 

pheromones has been known to activate male and female VSNs differentially (Holy, 

Dulac et al. 2000). “Heat maps” from electrophysiological studies of large number of 

VNO neurons from several male and female mice, reveal that male and female urine 

activate some common neurons while there are some dedicated neurons that are 
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activated specifically by either male or female urine, possibly encoding gender 

information (He, Ma et al. 2008). 

1.3.2 Conversion of external pheromone-receptor binding, into an 
intracellular signal  

Pheromones most likely induce a signaling cascade intracellularly, rather than 

initiate membrane depolarization directly (Holy, Dulac et al. 2000). Evidences for the 

existence of a signaling cascade include: 

• Second messengers convert ligand-receptor binding to an intracellular signal. 

• Downstream target: TRPC2, a candidate component of calcium ion channel. 

Second messengers convert ligand-receptor binding to an intracellular signal 

In addition to the hypothesis that vomeronasal receptors may be the pheromone 

binding GPCRs in the VNO, more studies have been done to elucidate the signaling 

pathway downstream of the receptors. Inositol triphosphate has been shown to be a 

second messenger in the VSNs, on activation by several cocktails of ligands including 

MHC peptides (Thompson, McMillon et al. 2007), salivary gland secretions (Taha, 

McMillon et al. 2009), extracts from salivary glands , secretions from lachrymal and 

preputial glands (Thompson, Napier et al. 2007).  

Downstream target: TRPC2, a candidate component of calcium influx channel 

TRPC2 is putatively a component of a calcium ion channel in the vomeronasal 

sensory neurons and appears to be expressed in both the apical and basal sensory 

neurons (Liman, Corey et al. 1999). It is predicted to be a six membrane spanning 885 

amino acids long protein localized in the microvilli of VNO sensory neurons, where it is 
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likely to play a role in transduction of chemosensory signals. A  diacylglycerol gated 

channel in the VNO dendrites has been shown to be inactivated in the TRPC2 mutant 

mice (Lucas, Ukhanov et al. 2003). 

TRPC2 is essential for the normal function of the VNO as adult knockout mice 

show behavioral defects (Stowers, Holy et al. 2002): resident male knockout mice fail 

to show aggressive behavior towards intruder males; moreover when confronting 

castrated males, trp-/- males try to mount and mate these with frequency equal to 

mounting and mating females. Female knockout mice surprisingly show male like 

characteristics (Kimchi, Xu et al. 2007) for instance pelvic thrust, solicitation, 

anogenital (relating to anus and genitals) olfactory investigation, and emission of 

complex ultrasonic vocalizations towards male and female conspecific mice, with a 

concomitant decrease of female characteristics like lactation and maternal aggression.   

Taking all hypothesis and available partial evidences together, the tentative 

model proposed for the signaling pathway, post pheromone binding is summarized in 

the following figure (Figure 1-9). 
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Figure 1-9: Hypothesized signal transduction machinery in the VNO.  

Tentatively, pheromones bind V1Rs or V2Rs, and trigger a G protein coupled pathway 
(mediated by Gαi or Gαo respectively). DAG is formed as a second messenger which 
opens TRPC2 associated ion channel for calcium influx. Adapted from Dulac and 
Torello, Nature Neuroscience, 2003. 

1.3.3 Relaying of intracellular signal to the brain 

Having looked at the putative detectors of pheromones from the environment, 

we now turn our attention briefly to how the VNO translates the information it detects 

to the brain (reviewed in details in (Dulac and Torello 2003)). Each vomeronasal 

sensory neuron (VSNs) projects a single unbranched axon through the cribriform plate 

in the skull to the AOB. Typically the V1R expressing neurons project to the anterior 

part while the V2R expressing neurons project to the posterior part of the AOB (Figure 

1-10a). At the AOB, the neuronal projections terminate in glomeruli: neurons 

expressing the same receptors form multiple glomeruli, closely related receptors may 

terminated in the same or closely spaced glomeruli while more distant receptors get 

spaced out (Wagner, Gresser et al. 2006). Projection neurons at the AOB, also called 

mitral cells transmit sensory input to the AOB and project to discrete loci within the so-
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called vomeronasal amygdale that includes the bed of nuclei of the accessory olfactory 

tract and stria terminalis, and the posteromedial cortical and medial nuclei of the 

amygdala. The dimorphism of V1R and V2R projection is maintained, at least partially,  

in the amygdala (Mohedano-Moriano, Pro-Sistiaga et al. 2008). Sensory input is then 

transmitted to specific nuclei of the hypothalamus that are genetically preprogrammed 

to regulate physiological, reproductive and behavioral responses (Figure 1-10b). 

 

Figure 1-10: Relaying signals to the brain. 

a, Single axons from apical and basal VNO neuroepithelia project to the anterior and 
posterior parts of the AOB, respectively (adapted from Mombaerts, Nature Reviews, 
Neuroscience, April 2004). b, Processing of chemosensory information from the VNO 
(adapted from Dulac and Torello, Nature Reviews, Neuroscience, July 2003). VNO 
neurons project axons to the accessory olfactory bulb (AOB), which transmits the 
sensory information to the vomeronasal amygdala (VA), lastly to specific nuclei of the 
hypothalamus (H).  

 1.3.4 Output of brain processing: hormonal/ behavioral change 

Removal/ disruption of the VNO causes abnormality in several socio sexual 

behaviors that are thought to be controlled by pheromones; therefore the VNO has been 

implicated in detecting pheromones and eliciting these behaviors; several of pheromone 
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induced behaviors that show attenuation on removal/disruption of the VNO are 

described below: 

1.Pregnancy block: Pregnancy block or Bruce effect is a pregnancy failure that several 

species of female mammals undergo when exposed to unknown males. Laboratory 

designs of pregnancy failure experiments comprise of exposing a recently inseminated 

female mouse to a male/male soiled bedding/ male urine of a strain different from the 

mating type. It has been demonstrated removal of the VNO reduces the frequency of 

pregnancy blocks in female mice when exposed to unknown males (Bellringer, Pratt et 

al. 1980).   

2. Intermale aggression: A male mouse housed in a cage for approximately a week 

marks its territory within the cage. When an intruder male is introduced in the same 

cage, the resident male attacks the intruder after a brief period of latency. Surgical 

removal of the VNO impairs this behavior (Clancy, Coquelin et al. 1984).  

3.Male sexual behavior: When a female mouse is introduced, a resident male displays 

several sexual behaviors including emission of ultrasonic vocalizations, intense 

olfactory investigation of the female anogenital region, mounting, pelvis thrust and 

ultimately engages in mating. Removing the VNO from the male mouse shows 

reduction of these behaviors (Wysocki, Katz et al. 1983; Clancy, Coquelin et al. 1984). 

4.Maternal aggression: Female mice show aggression towards intruders while they are 

nesting and nursing pups. VNO removal causes attenuation of maternal aggression in 

females (Bean and Wysocki 1989). 
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5.Suppression of estrous: Healthy adult females show a suppression of estrous when 

housed together, and one fails to observe this phenomenon in females with ablated 

VNO (Reynolds and Keverne 1979). 

6.Onset of puberty: Exposure to male mice or male mice urine from the same strain 

causes accelerated puberty in socially inexperienced and juvenile females (Kaneko, 

Debski et al. 1980; Wilson, Beamer et al. 1980). Female mice with severed VNO 

nerves fail to execute acceleration of puberty on exposure to adult males or adult male 

urine. 

More recent electrophysiological evidences provide more direct evidence that 

putative pheromones, with diverse chemosignalling functions including oestrus 

induction or synchronization and puberty delay or acceleration can excite VNO slide 

preparations and generate action potentials at sub nanomolar concentrations (Leinders-

Zufall, Lane et al. 2000).  

1.4 Evolution of the vomeronasal organ and its molecular 
markers: the case of human vestigiality 

The vomeronasal organ appears to be a terrestrial adaptation, since fish possess 

V2R like receptors, albeit there is no evidence of the existence of a VNO. The V2R like 

receptors are expressed in the olfactory receptor neurons of fish. The organ is well 

developed with a complex structural organization in rodents and marsupials. 

Interestingly, with the development of tricromatic vision in primates, chemosensation 

seems to have lost its functional relevance and has gradually degenerated; development 

of the higher cortical areas of the brain may have taken over controlling socio-sexual 
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behavior. Dogs, cows, prosimians have a rather simply structured VNO with no 

functional V2R and a vastly shrunk V1R repertoire. The group of new world monkeys 

is rather large and heterogenous, some appear to have a VNO while others do not. Old 

world monkeys and apes, including humans do not appear to possess a functional VNO. 

In humans, the existence of a VNO is widely accepted in the fetal stage (Boehm and 

Gasser 1993),though the existence of a functional VNO  in the adult human is much 

debated and largely unresolved (Meredith 2001); a vomeronasal pit with some  sensory 

neurons has been shown (Stensaas, Lavker et al. 1991), and these cells seem to stain 

positive for neuron specific enolase and the pan neuronal marker PGP9.5, but none 

seem to express olfactory marker protein (OMP) which is widely expressed in 

chemosensory cells (Trotier, Eloit et al. 2000).  

Similarly, in a study of accessory olfactory systems of non aquatic mammals 

(Meisami and Bhatnagar 1998) it has been reported, most adult non aquatic mammals, 

including New World monkeys possess an AOB, whereas, Old World monkeys, apes 

and humans do not. A striking similarity with the human fetal VNO is that, in humans, 

an embryonic AOB exists that regresses with development.   

Vestigialization of the organ is best ascertained from sequence analysis of its 

molecular markers; thus TRPC2 seems to be well conserved and under highly purifying 

selection in rodents and prosimians, concomitant with a functional VNO while in new 

world monkeys, there is a relaxation of selection pressure in the TRPC2 genes though 

not altogether deleterious, may be indicative of increasing redundancy of the VNO. 

New World monkeys are a large and diverse group, most of which have retained a 
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VNO but in some it may have vestigialized. Lastly, Old World monkeys,  apes and 

humans have pseudogenized TRPC2 (Liman and Innan 2003), V1Rs and V2Rs (Dulac 

and Axel 1995; Pantages and Dulac 2000; Kouros-Mehr, Pintchovski et al. 2001) while 

a syntenic region corresponding to the H2-M locus of mice is largely absent in these 

providing further evidence of VNO vestigiality.   
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Figure 1-11: Phylogenetic tree of TRPC2 and correlation to VNO function.  

Functional VNO indicated with a red rectangle. TRPC2 is highly conserved in rodents 
and prosimians that also have a functional VNO. TRPC2 is less conserved in New world 
(NW) monkeys with increased redundancy of VNO function and possible 
vestigialization in some species. Old World monkeys (OW) and apes have 
pseudogenized TRPC2 and no functional VNO.    

1.5 The missing link: pheromone ligand-receptor matching 

Though much has been studied about pheromonal communication mediated by 

the VNO, the effects of surgical/genetic ablations of the organ and deletion of some 

receptors expressed in the VSNs exclusively, molecular mechanisms underlying the 

behavioral phenotypes are mostly unstudied. Interpretation of environmental and social 

signals logically begins with the detection of such signals. In vivo techniques have been 

amply used to study differential neuronal activation, information coding about 
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individuality, strain and sex, however the basic limitation of each approach, has been its 

inability to match a given ligand to its potential receptor(s).While most evidences point 

towards the vomeronasal receptors being receptors for social cues and transduction of 

the cues into intracellular signals that the brain can read, functional data corroborating 

this speculation is woefully missing. Heat maps to an extent provide insights into 

patterns of neuronal activation but no information is particularly obtained on what 

receptors are activated by a pool of ligands. Targeted deletion of a V1R cluster gives 

rise to mice with deficient VSN responses to a set of suspected volatile urine 

pheromones and also attenuated behavior, but  again does not really correlate receptors 

to agonist ligands; moreover gene knock out is conceivably time consuming and may 

not be altogether the most efficient way to deorphanize receptors.  To complete the 

entire picture of VNO mediated communication, we need to correlate receptors to their 

cognate ligands.  

1.6 Heterologous cells: a platform to study en masse ligand 
receptor interactions 

To comprehend the molecular basis of the very first step of pheromone 

perception, that is, ligand receptor interactions, one needs a tool that allows exhaustive 

study of the ligand receptor matching quickly and accurately. Heterologous cells 

provide an excellent platform to enable such mass scale efficient ligand receptor studies 

and have been extensively used in the past to carry out receptor functional assays as in 

the case of odorant receptors and sweet, umami, bitter and candidate sour taste 

receptors (Chandrashekar, Mueller et al. 2000; Nelson, Hoon et al. 2001; Nelson, 
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Chandrashekar et al. 2002; Saito, Kubota et al. 2004; Ishimaru, Inada et al. 2006). A 

couple of pre-requisites of heterologous cell based assays are:  

a. The receptors being studied must be efficiently trafficked and profusely expressed on 

the surface of laboratory cells in use. 

b.An intracellular signaling system must exist that can be harnessed to assay for ligand-

receptor interactions.  

The study of vomeronasal receptors using such a heterologous system has been 

difficult owing to several impediments:   

1.The VNO expresses a number of novel genes as described earlier, but the entire 

repertoire is probably far from deciphered. It is known that potent sources of 

pheromones like urine act through signaling rather than direct membrane depolarization 

(Holy, Dulac et al. 2000) but the signal transduction cascade involved downstream of 

the receptors is largely unknown and understudied.  

2.Vomeronasal receptors are notoriously difficult to surface express in heterologous 

cells. The trafficking machinery is not known to establish a heterologous system.  

3. Definite ligands for the vomeronasal receptors are also not known. Several candidate 

ligands as discussed earlier, have been shown to activate the apical and basal layer 

neurons but none have been shown to activate the receptors directly.   

1.7 Focus of the thesis 

                In this study we have focused on the development of a heterologous system 

that can be efficiently used to carry out functional assays with V2R receptors. We have 
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examined the limitations stated above and have designed experiments to overcome each 

one:  

1.We demonstrate analyzing human lineage specific pseudogenes can be used as a tool 

to discover genes with enriched/ exclusive expression in the mouse VNO. Using this 

tool we have uncovered a putative ER lectin chaperone, with highly enriched 

expression in the VNO (Chapter 2). 

2.We have investigated expression profiles of different ER chaperones in the VNO, that 

may affect the surface expression of the vomeronasal receptors in cell lines and based 

on our findings we have successfully established a heterologous system to efficiently 

surface express V2R receptors (Chapter 3).  

3.We have used our heterologous system to partially profile ligand binding in a 

subfamily of the V2R receptors. Further we have carried out domain swapping 

experiments with these receptors to study what domain dictates ligand binding 

specificity in V2Rs (Chapter 4).  
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Chapter 2 : Search for a VNO specific chaperone 

2.1 Introduction 

2.1.1 A partner protein for vomeronasal receptor trafficking? 

Trafficking and functional responses of GPCRs often involves partner proteins 

that may be other receptors, or receptor specific chaperones. For instance, drosophila 

olfactory receptors are trafficked to the surface in association with OR83b (Larsson, 

Domingos et al. 2004), mammalian olfactory receptors require transporter protein 

RTP1 for surface expression (Saito, Kubota et al. 2004) and functional expression of 

mouse olfactory receptor M71 has been shown to be enhanced by coexpression with 

beta2 adrenergic receptor and purinergic receptors (Hague, Uberti et al. 2004; Bush, 

Jones et al. 2007). Since vomeronasal receptors have been notoriously difficult to 

express in heterologous cells, we hypothesized they may require such a partner protein 

for cell membrane localization. In analogy with co expression of the RTP chaperones 

with ORs exclusively in the olfactory epithelium, we further hypothesized, a 

vomeronasal receptor partner is likely to be expressed in the VNO specifically in the 

VSNs.  

2.1.2 Human lineage specific pseudogene analysis: a potential tool 
for finding VNO specific expression 

Gene death in the odorant receptor family in humans as compared to mice is 

well documented. The loss of chemosensory functions has been linked to evolution of 

trichromatic vision. The vomeronasal organ which plays an important role in mouse 

pheromone detection is also degenerated in humans and concomitantly, vomeronasal 
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receptors, V1Rs and V2Rs appear to be mostly pseudogenized (with the exception of 

one putative V1R) in the human genome with no evidence of functional expression of 

any of them (Kouros-Mehr, Pintchovski et al. 2001). Similarly, the calcium ion channel 

component TRPC2 which is functional in mouse is pseudogenized in humans (Liman 

and Innan 2003); lastly for the non classical class 1b MHCs, H2-Mvs, a syntenic region 

is absent in the human genome. On the basis of these observations we hypothesized, 

genes that are functional in the mouse VNO specifically, may be pseudogenized or lost 

in humans. Therefore examination of human lineage specific pseudogenes that have 

functional orthologs in mice may provide useful leads towards finding a specific 

chaperone for vomeronasal receptors. Using this approach, we have found at least one 

mouse gene, calreticulin4, a putative endoplasmic reticulum resident chaperone 

expressed in the VNO that appears to be very specifically expressed in the mouse VNO. 

We also describe some preliminary characterization of calreticulin4 including 

immunohistochemical localization in the VNO and its evolution.  

 2.2 Results 

2.2.1 Intracellular localization of V2Rs in HEK293T cells  

We have already noted the importance of a heterologous system for the study of 

receptors in the previous chapter. Inability of vomeronasal receptors to be expressed 

functionally in heterologous cells may arise due to two reasons: 

1.The receptors may not be stably expressed in the cells. 
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2.The receptors may be expressed but not targeted to the channel for correct cell 

membrane localization; the start of this channel is translocation into the endoplasmic 

reticulum (ER).  

3.The heterologous cells may lack the trafficking machinery required for cell 

membrane targeting. 

Expression of foreign proteins in cell lines is a common tool to study proteins 

and is often compounded by low expression stemming from preferential codon usage in 

different species and cell lines, low stability and short half life of the proteins.  We have 

tried to distinguish the three possibilities by assaying for intracellular expression of 

vomeronasal receptors.  

We have transfected HEK293T cells with rho tagged V2R2 and V2Rp1 (with or 

without H2-M10.4+β2microglobulin) and carried out permeabilized double staining for 

receptors and calreticulin (ER marker) or total ERK (cytoplasmic marker).  We have 

found rho immunoreactivity overlaps well with calreticulin while there is little or no 

overlap with total ERK. Thus, receptors are expressed in HEK293T cells intracellularly 

and targeted to the ER but fail to exit and remain localized therein.  V2Rs may 

therefore require the assistance of one or more chaperones to exit the ER and target to 

the cell surface. 
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Figure 2-1: Intracellular staining shows ER localization of V2Rs.  

Intracellular staining for ER marker calreticulin (a, a’, a’’), receptor/receptor + H2Mv+ 
β2m as indicated (b, b’, b’’), merge (c, c’, c’’). Intracellular staining for cytoplasmic 
marker total ERK (d, d’, d’’), receptor/receptor + H2Mv+ β2m as indicated (e, e’. e’’), 
merge (f, f’, f’’). Scale bar 50µm.  

2.2.2. Human pseudogene screen to find a VNO specific chaperone 

Since V2Rs are expressed and localized to the ER in HEK293T cells, we 

reasoned, the vomeronasal receptors may require specialized trafficking machinery not 

present in HEK293T cells for their surface expression. We therefore focused on finding 

chaperones that may be specifically expressed in the vomeronasal sensory neurons 

(VSNs) and helpful for receptor membrane localization. Torrents et al (2003) published 

a list of ~20, 000 human pseudogenes (Torrents, Suyama et al. 2003) spanning the 

whole human genome; although most of these matched a mouse genomic region, a 

large fraction aligned better to other human regions, possibly functional paralogs, and 

may have arisen from retrotranscription/ segmental duplication. We screened this list of 
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human pseudogenes using the following criteria based on previous work done on gene 

losses in human origin (Wang, Grus et al. 2006):  

a. Eliminated single exon/ processed pseudogenes since these may have arisen through 

retrotranscription. 

b. Eliminated pseudogenes that resembled human functional paralogs closely since 

these may have arisen out of segmental duplication in the human genome.  

c. Human pseudogenes with more closely related functional mouse orthologs than 

human functional paralogs were retained since these were more likely to have arisen 

from loss of functions after mouse-human split, rather than retrotranscription / gene 

duplications.    A schematic for screening of human pseudogenes is provided (Figure 2-

2).  
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Figure 2-2: Schematic representation of pseudogene screen to find human lineage 
specific set.  
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We searched for gene ontology functions of the mouse orthologs and found 

genes catering to a wide variety of functions, though a vast majority of these were 

either GPCRs or of unknown functions (Figure 2-3). We were able to locate TRPC2 

and two vomeronasal receptors in the list, indicating that our approach successfully 

found at least a few VNO specific genes. Only one candidate chaperone (calreticulin4) 

that appeared to be related to the widely expressed ER chaperone calreticulin could be 

found from the total of about two hundred.  

 

 

Figure 2-3: Human lineage specific pseudogenes. 
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2.2.3 Expression of VNO specific gene product: calreticulin4 

Reverse transcription PCR from different mouse tissues showed highly enriched 

expression of calreticulin4 in the VNO. EST studies report calreticulin4 expression to 

be very limited, namely in matured mouse oocytes, fertilized oocyte up to the two cell 

stage and adult male testis only. Calreticulin4 appears to be a homologue of 

calreticulin, a lectin binding chaperone localized in the ER, that controls the folding of 

protein substrates trafficked into the ER, and is therefore a candidate chaperone for 

vomeronasal receptors.  

         

Figure 2-4: RT-PCR of ~500 base pairs of calreticulin4 mRNA 3’ terminus in 
various mouse tissues.  

Reverse transcription PCR of calreticulin4 (upper panel) and PCR/loading control 
GAPDH (lower panel) from cDNA of mouse tissues as indicated.  

2.2.4 Calreticulin4: A putative chaperone homolog from the 
calreticulin superfamily? 

Calreticulin, in concert with calnexin ERp57 and PDI acts as an endoplasmic 

reticulum (ER) chaperone, assisting in the folding of newly synthesized proteins that are 

translocated into the ER. A sequence comparison of calreticulin and calreticulin4 reveals 

that while the homologues are about 67% identical, the domains of calreticulin namely 

N, P and C can be broadly identified in calreticulin4 as well. Certain residues in 

calreticulin have been shown to be critically important for its function (E238, D241, 

W244, W302) (Martin, Groenendyk et al. 2006) as a protein folding chaperone and these 
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have been conserved in calreticulin 4. R Characteristic repeat motifs in the P domain are 

also conserved in calreticulin4. EST mining data shows, calreticulin4 expression is 

limited in oocytes, sperms, early stages of development from zygotes to eight cell 

blastula while calreticulin is expressed widely in most eukaryotic cells with ER.   

 

Figure 2-5: Schematic representation of alignment and domains of calreticulin and 
calreticulin4. 

Overall, calreticulin and calreticulin4 are about 67% similar in amino acid sequence. N 
and P comprise protein folding unit; C domain is acidic residue rich and binds calcium 
with high capacity. Both homologs have ER targeting signal sequence and ER retention 
KDEL sequence at the N and C termini respectively. 

2.2.5 Calreticulin4 expression in lieu of calreticulin in VSNs 

We confirmed the expression of calreticulin4 in adult and post natal mouse 

VSNs by carrying out mRNA insitu hybridization in coronal sections (Figure 2-6a, b).  

In addition, we examined the expression of other endoplasmic reticulum lectin 

chaperones, namely calreticulin and calnexin. Surprisingly, we found that calreticulin, 

otherwise reported to be ubiquitous in all eukaryotic cells containing ER, is scantily 

expressed in the VNO sensory neurons and largely expressed outside of VNO sensory 

neurons; calnexin expression in VNO and olfactory epithelium appear to be 

comparable. 



 

39 

 

Figure 2-6: Comparative expression profile of ER lectin chaperones in VNO and OE 
of mice. 

Calreticulin4 is expressed in VNO of a, adult, b, post natal and not expressed in c, OE. 
Calreticulin is not expressed in VNO of d, adult, e, post natal and is expressed in f, OE. 
Calnexin is expressed in VNO of g, adult, h, post natal and i, OE. TRPC2 is expressed in 
VNO of j, adult, k, post natal and scantily in l, OE. 
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2.2.6 Immunostaining for calreticulin4 in heterologous cells shows 
localization in the endoplasmic reteculum 

ORs have been shown to localize heavily in the endoplasmic reticulum when 

transfected heterologous cells and in the absence of cell specific transporting proteins 

they are retained in the endoplasmic reticulum (McClintock, Landers et al. 1997; Lu, 

Echeverri et al. 2003). To determine the cellular localization of calreticulin4, we co 

expressed it with rho tagged mouse olfactory receptor 62 in NIH3T3 cells and carried 

out double staining in permeabilized cells.  Olfactory receptor 62 immunorectivity 

resembled calreticulin4 immunoreactivity and overlapped well with the same when 

merged (Figure 2-7). No cross reactivity was detected for secondary antibodies.  

 

Figure 2-7: Calreticulin4 is localized in the ER of heterologous cells.  

NIH3T3 cells co transfected with rho-olfr62 and calreticulin4 were stained with a, b, 
rabbit anti calreticulin4 + mouse anti rho antibodies, a’, b’, rabbit anti calreticulin4, 
a”, b”, mouse anti rho primary antibodies. In each case, a mixture of anti rabbit 
Alexa488 and Cy3 secondary antibodies was used. c, c’, c”, merge for a and b, a’ and 
b’, a’ and b”.  
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2.2.7 Immunostaining for calreticulin4 in mouse VNO sections shows 
localization in cell body and microvilli 

Calreticulin4 staining was also carried out in mouse VNO sections using 

primary antibody pretreated with mouse acetone powder to remove all non specific 

binding. We detected signals in the cell bodies of the sensory neurons and strong 

signals at the microvilli (Figure 2-8 a). Moreover, preincubation of the calreticulin 4 

antibody with the antigenic peptide completely blocked the signals (Figure 2-6 c).  

 

Figure 2-8: Calreticulin4 immunostaining in VNO section shows cell body and 
microvilli localization.  

a, Mouse VNO section immunostained with anti calreticulin4 antibody showing 1, cell 
body 2, microvilli localization. VNO sections stained with b, calreticulin4 antibody c, 
calreticulin4 antibody blocked with antigenic peptide. d, e, Hoechst staining for b, c 
respectively.  

2.2.8 Functional calreticulin4 coding sequence exists in animals that 
have V2R coding sequences 

Apes (including human, chimpanzee and orangutan) and new world monkeys 

(eg. rhesus)  are likely to have a non functional VNO since TRPC2, an important VNO 
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marker, has acquired deleterious mutations in these genomes (Liman and Innan 2003); 

concomitantly, these animals carry no functional V2R coding sequence (Young and 

Trask 2007). New world monkeys (eg marmoset) seem to possess a defined VNO 

(Dennis, Smith et al. 2004) which may be redundant since the selection pressure on 

TRPC2 (Liman and Innan 2003) is rather relaxed; we examined putative V2R 

transmembrane sequences in the marmoset genome and were unable to find any intact 

sequence, indicating that there may not be any functional V2R in the marmoset genome 

as well. Dog and cows have functional VNO but also been reported to have no 

functional V2Rs (Young and Trask 2007), expressing V1Rs alone. Lastly, rodents (rats 

and mice) and opossum have well developed VNO and a large repertoire of functional 

V1Rs and V2Rs (Young and Trask 2007). 

We have carried out database searches to retrieve calreticulin4 from ten 

vertebrates (opossum, rat, mouse, dog, cow, marmoset, rhesus, orangutan, chimpanzee 

and human). In each genome, calreticulin4 is in a syntenic region flanked by oxysterol 

binding protein-like 9 and epidermal growth factor receptor pathway substrate 15 on 

the 5’ and 3’ sides respectively (Figure 2-9 a). We have found that in human, 

chimpanzee, orangutan, marmoset, dog and cow calreticulin4 is pseudogenized. Rat, 

mouse and opossum appear to have a functional calreticulin4 coding sequence spanning 

nine exons.  Therefore a functional calreticulin4 seems to exist in genomes of animals 

that have V2R coding sequences only, irrespective of a functional VNO or V1Rs, 

making it a strong candidate chaperone for V2R receptors (Figure 2-7 b).  



 

43 

 

Figure 2-9: Calreticulin4 chromosomal location and phylogeny. 

a, Nine exons coding for calreticulin4, on chromosome 4 and flanked by osbpl9 and 
eps15. b, Phylogenetic tree of calreticulin4 and relationship with VNO and V2Rs.  

2.3 Discussion 

Pseudogenes: a potential tool to locate VNO specific expression 

Our study shows, analyzing genes in mice, orthologs of which are 

pseudogenized in human is a useful approach to find genes that are specifically 

transcribed or enriched in the mouse VNO. We have found calreticulin4, at least one 

gene, which shows highly enriched expression in the VNO, as determined by RT-PCR 

and in situ hybridization.  

The International Human Genome Consortium has published a list of thirty four 

non-processed pseudogenes, occurring in chromosomal regions of humans that are 

syntenic with mice and rats, and contain at least one disruptive mutation (2004).  Mice 
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and rats have one functional ortholog each of these pseudogenes in the syntenic regions 

of their genomes. These pseudogenes have arisen in humans possibly because their 

functions are not required rather than from gene duplications, reverse transcriptions etc. 

The pseudogenization and loss of function are also believed to be fairly recent since the 

base sequences are largely maintained, with only few inactivating mutations. 

Interestingly, calreticulin4 featured in this list and therefore we tested the expression 

patterns of the rest (excluding ten ORs). We were however, unable to find any other 

gene with specific expression in the VNO.  

Interlude: Quality control in the ER involving calreticulin/ calnexin cycle 

Trafficking of cell membrane proteins from site of synthesis to the cell surface 

is a highly controlled and ordered process and begins with synthesis of the protein in 

the cytosol and translocation into the ER lumen. One of the key steps in ER processing 

is folding of the newly synthesized protein into its functional conformation, for which 

the substrates are commonly primed by glycosylation. This primes an unfolded protein 

for folding in the calreticulin-calnexin cycle. Calreticulin and calnexin are ER soluble 

and membrane chaperones respectively, that act in concert with ERp57 and Protein 

Disulfide Isomerase (PDI), to bind glycosylated unfolded proteins and folding them 

into native functional conformations. A folded protein dissociates from the calreticulin-

calnexin/ERp57/PDI complex when its sugar residues are trimmed by glycosidase I and 

exits the ER; however a misfolded protein is glycosylated again and reprocessed in the 

calreticulin-calnexin cycle. If after repeated cycles the substrate fails to fold in the 

proper conformation, it is degenerated through the ER associated degradation pathway. 
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The calreticulin-calnexin cycle therefore provides a very stringent gating for trafficking 

of functionally folded proteins only through the ER.  

Folded
protein

GI/GII

GII

ER lumen

Calreticulin

UDP

Translocation 
complex

EXIT

UDP

Glycosylated 
substrated 
to be folded

EDEM

ERAD  

Figure 2-10: Calreticulin cycle in the ER. 

Unfolded proteins translocated in the ER undergo sugar residue modifications, bind 
calreticulin (and/or calnexin), and are folded. A correctly folded protein exits the ER 
but a misfolded protein is re-glycosylated and attempted to fold again. On repeated 
failures to fold into functional conformation, the misfolded protein gets into the ER 
associated degradation pathway (ERAD).  
 

The function of calreticulin4 is unknown. Homology with calreticulin (67% 

identity) suggests it may act as a quality control molecule in the VNO. Coexpression 

and double staining of calreticulin 4 with olfactory receptor 62 in heterologous cells 

shows good overlap between the respective immunoreactivities indicating that 

calreticulin4 colocalizes with olfactory receptor in the endoplasmic reticulum. This 

observation is consistent with occurrence of the ER targeting sequence at the N 

terminus and retention signal KDEL at the C terminus of the protein and further 

strengthens the idea that calreticulin4 is required for vomeronasal receptor trafficking.  
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 Immunostaining for calreticulin4 in VNO coronal section shows localization in 

the cell body as well as the dendritic tips. This is similar to calreticulin localizing on the 

surface of endothelial and neuronal cells. How calreticulin4 may be moving out of the 

ER compartment, despite the retention signal is not clear. Three possibilities are (1) 

alternative splicing to remove the ER retention signal coding sequence from the open 

reading frame, or (2) protein processing to cleave and remove KDEL or (3) masking of 

the retention signal by some mechanism yet uncovered. We have carried out rapid 

amplification of cDNA ends and have not been able to detect any alternatively spliced 

transcript which weakens the first possibility. The function of calreticulin4 at the 

microvilli is also speculative: it may act as a component of signal transduction at the 

microvilli, which are presumably the sites for ligand binding by the GPCRs; 

calreticulin4 may also chaperone some surface protein right up to the membrane.  

Apes and old world monkeys have pseudogenized calreticulin4 and do not 

appear to have a functional VNO; V1Rs, V2Rs and TRPC2 are largely pseudogenized. 

Marmosets (new world monkey), dogs and cows also have pseudogenized calreticulin4 

and have a functional VNO, simple in organization with one layer of neuroepithelium 

that expresses V1Rs; V2Rs are pseudogenes. Lastly, rodents and opossum have coding 

calreticulin4 gene sequences, a functional and complex VNO, with V1Rs and V2Rs 

expressed in distinct neuroepithelia (apical and basal layers). Thus calreticulin4 seems 

to co exist with V2Rs and in animals where V2Rs have pseudogenized, calreticulin4 

seems to have lost function as well. This observation makes calreticulin4 a strong V2R 
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chaperone candidate. In the following chapter we test this hypothesis and describe and 

interesting mechanism of V2R trafficking in heterologous cells.  
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Chapter 3 :  A novel mechanism of V2R trafficking, role 
of calreticulin family members and MHC class 1b 

3.1 Introduction  

We have already demonstrated that V2Rs are localized in the endoplasmic 

reticulum when expressed in the heterologous cells; in addition we have reported the 

expression of a putative ER chaperone of the calreticulin family in the VSNs 

specifically, co expression of which, with V2Rs is insufficient to surface localize these 

receptors.  

3.1.1 Calreticulin: the ER quality control gate keeper 

A multifunctional protein 

As discussed in the previous chapter, calreticulin is a vital component of the ER 

protein folding and quality control system. It is implicated in other processes such as 

calcium ion binding and homeostasis, modulation of transcriptional pathways, cell 

adhesion, apoptosis and embryonic development. It is a house keeping protein: 

calreticulin knockout is lethal and study of early mouse embryos shows impairment of 

heart development to be the cause of lethality (Mesaeli, Nakamura et al. 1999).  

Domains of calreticulin 

Calreticulin is approximately 48kDa protein broadly divided into three domains. 

 N domain:  Prediction of the secondary structure of calreticulin is based on that 

of calnexin, and suggests that the N-terminal region forms a globular domain composed 

of eight antiparallel β-strands (Michalak, Robert Parker et al. 2002). This domain 

includes the polypeptide- and carbohydrate-binding sites (Leach, Cohen-Doyle et al. 
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2002; Kapoor, Ellgaard et al. 2004), a Zn2+-binding site (Baksh, Spamer et al. 1995), a 

disulfide-linkage site (Andrin, Corbett et al. 2000), critical for chaperone 

function(Martin, Groenendyk et al. 2006) and forms a stable core that is resistant to 

proteolysis in the presence of Ca2+ (Corbett, Michalak et al. 2000).  

P domain: The middle domain of calreticulin called the P domain is rich in 

proline residues, suggesting a degree of flexibility rendered to its structure.  There are 

pairs of repeats (repeat A, IXDPXA/DXKPEDWDX, and repeat B, 

GXWXPPXIXNPXYX) and three sets of AB repeats in calreticulin(Fliegel, Burns et al. 

1989; Smith and Koch 1989). These repeat amino acid sequences form an important 

structural backbone of the P-domain and may be involved in the lectin-like function of 

the proteins(Vassilakos, Michalak et al. 1998). NMR studies indicate three antiparallel 

β-sheets stabilize the structure of the P-domain of calreticulin (Vassilakos, Michalak et 

al. 1998) that interacts with ERp57 (Frickel, Riek et al. 2002).  

C domain: The C-domain of calreticulin contains a large number of acidic 

residues that are responsible for the Ca2+-buffering function of the protein. It binds over 

50% of ER luminal Ca2+ (Nakamura, Zuppini et al. 2001) with high capacity (25 mol of 

Ca2+ per mol of protein) and low affinity (Kd=2 mM). No structural information has yet 

been found on this domain.  

3.1.2 Why express calreticulin4?  

We have shown in the previous chapter that VSNs express an uncommon 

homologue of the calreticulin family of lectin chaperones, calreticulin4. Why do the 

VSNs express a homolog of the more widely expressed calreticulin? Since calreticulin4 
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seems to exist specifically in animals that appear to have functional V2Rs, it appears to 

be a strong V2R chaperone candidate.  Do calreticulin family members effect 

trafficking of vomeronasal receptors? To address this question, we examined the role of 

calreticulin and calreticulin4 in trafficking of the receptors in heterologous cells. In this 

chapter we describe a novel mechanism of surface trafficking, that appears to be 

intricately controlled by the co expression of the lectin chaperones.  

3.1.3 Besides ER chaperones, what other factors may control the 
surface expression of V2Rs? 

In addition to lectin chaperones, are there other factors that promote cell surface 

localization of vomeronasal receptors? If yes, what are these additional factors? 

Loconto et al have shown some evidence of H2Ms contributing towards surface 

expression of V2Rs in spermatogonia cells (Loconto, Papes et al. 2003); MHC 

complexes have an extracellular region comprising of three domains which may 

interact with the extracellular domain of the V2Rs in the ER lumen to affect folding/ 

targeting in some way. Contrarily, the interaction may also be between the TM domains 

of the MHCs and the V2Rs.  

In this chapter we explore the need of the VSNs to express calreticulin4, when 

calreticulin is already reportedly a widely expressed gene. Is calreticulin4 expression 

redundant? How similar are the different domains of the two homologs and do they 

have any effect on V2R trafficking individually? In addition, do the MHCs also play a 

role in heterologous cells and are they required in concert with calreticulin4 to effect 

V2R surface targeting?  
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3.2 Results 

3.2.1 Calreticulin4 par se does not enhance the surface expression 
of V2Rs in heterologous cells  

To test the hypothesis that calreticulin4 may be a specific chaperone for V2Rs, 

we cotransfected calreticulin4 with the V2Rs (with or without H2-Mvs) in HEK293T 

cells and carried out surface staining. We were able to detect no significant increase in 

surface expression for any receptor (Figure 3-1).  

 

Figure 3-1: Calreticulin4 does not affect surface trafficking of V2Rs in HEK293T cells 
par se. 

Cell surface staining for a, V2R2, b, V2Rp1 on co expression with calreticulin4 in 
HEK293T cells. c,d, GFP for a,b. Scale bar is 100µm.  

 

3.2.2 Transient knock down of calreticulin increases surface 
expression of V2R2 

From the in situ hybridization results, we reasoned that rather than calreticulin4 

acting as a chaperone for V2Rs, calreticulin in heterologous cells may be interfering 

with trafficking of the receptors. To test this hypothesis, we transiently transfected 

HEK293T cells with calreticulin targeted shRNA and quantified surface expression 
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using alkaline phosphatase labeling. We found V2R2 surface expression increased in 

HEK293T cells in presence of the knock down vector in comparison to the no knock 

down control (Figure 3-2a, b). We quantified this using alkaline phosphatase labeling 

of surface receptors (Figure 3-2c). 

 

Figure 3-2: Transient knock down of calreticulin increases surface expression of 
V2R2. 

Cell surface staining for V2R2 in HEK293T in presence of a, no shRNA b, calreticulin 
targeted shRNA. c, quantification of fold increase of V2R2 surface expression in 
presence of calreticulin shRNA versus fold increase of odorant receptor (olfr62) surface 
expression in presence of RTP1 in HEK293T cells, by alkaline phosphatase (AP) 
staining. Normalized to counts in no receptor control staining.   

3.2.3 Establishment of a calreticulin deficient cell line: R24  

A calreticulin deficient cell line (R24) was established by transfecting 

HEK293T cells with shRNA expression vector targeting the calreticulin mRNA. It was 

selected with puramycin, and assayed for surface expression of V2R2. We confirmed 

knock down of calreticulin in R24 as compared to HEK293T using Western blot 

(Figure 3-3).  
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Figure 3-3: Calreticulin knockdown in R24 cells. 

Western blot for calreticulin and beta arrestin (loading control) in R24 and HEK293T 
cell lines to compare extent of knock down of calreticulin.  

3.2.4 Surface expression of family C receptors in R24 is enhanced 
compared to HEK293T 

Silvotti et al (2005) have shown in insect cells a family C receptor, V2R2 (or 

Vmn2R1) is abundantly expressed without any escort molecule (Silvotti, Giannini et al. 

2005). However in HEK293T, there is no surface expression at all. We have compared 

surface expression of two family C receptors, namely V2R2 and Vmn2R6 in HEK293T 

and R24 cells using live cell surface staining (Figure 3-4 a-d). We found a marked 

increase in the cell surface expression of family C receptors in R24 compared to 

HEK293T cells and confirmed enhanced surface expression of these receptors in R24 

as compared to HEK293T using  fluorescence assisted cell sorting (FACS) (Figure 3-4 

i-l).  
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Figure 3-4: Surface expression of family C receptors is increased in calreticulin 
depleted cell line (R24).  

 Cell surface staining for V2R2 in a, HEK293T and b, R24. Cell surface staining for 
Vmn2R6 in c, HEK293T and d, R24. e-h, GFP for a-d. Histogram from FACS assays 
for surface stained cells in HEK293T (green) and R24 (black) for i, V2R2 and j, 
Vmn2R6. Bar graphs of increase in surface expression of k, V2R2 and l, Vmn2R6 in 
HEK293T and R24. 
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3.2.5 V2R2 is surface expressed specifically in cells depleted of 
calreticulin  

Although R24 is derived from a single clonal line, significant differences exist 

in the level of calreticulin knock down in the cells. We transfected R24 cells with V2R2 

and carried out surface staining for V2R2 followed by permeabilized staining for 

intracellular calreticulin. We found that V2R2 is specifically surface expressed in cells 

that are depleted of calreticulin while cells that are not knocked down as efficiently for 

the ER chaperone fail to show surface expression (Figure 3-5).  

                               

 

Figure 3-5: V2R2 surface expression overlaps with calreticulin deficient cells. 

R24 cells stained for a, internal calreticulin, b, surface V2R2, c, merge. 

3.2.6 Role of H2-Mv in surface expression of V2Rp1 (Family A 
receptor)  

To test the hypothesis, that H2Ms may chaperone V2Rs (Loconto, Papes et al. 

2003) in heterologous cells, we cloned the non classical H2-Mv (H2M1, H2M9, 

H2M10.1, H2M10.3, H2M10.4, H2M10.5, H2M10.6) from the mouse VNO and co 

transfected these independently with the receptor V2Rp1 and β2m, to examine surface 

expression, in R24 cells (calreticulin depleted background). We have found co 
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expression of H2M10.4 results in most efficient surface trafficking of V2Rp1, 

compared to co transfection with unrelated control proteins RTP1S and Gαi (Figure 3-6 

a-i).  Using FACS we have quantitatively verified that V2Rp1 expression is enhanced 

in R24 when cotransfected with H2M10.4 and β2microglobulin, as compared to other 

H2-Mvs or unrelated proteins RTP1S or Gαi (Figure 3-6j).  

 

 

Figure 3-6: V2Rp surface expression is increased on co expression with H2-M10.4 
in calreticulin depleted background. 

Figure 3-8: Cell surface staining for expression of V2Rp1 in R24 cells when co 
expressed with a, H2-M1, b, H2-M9, c, H2-M10.1, d, H2-M10.3, e, H2-M10.4, f, H2-
M10.5, g, H2-M10.6, h, RTP1S, i, Gαi. a’-i’, GFP for a-i. j, FACS analysis of % 
surface labeled cells when V2Rp1 is coexpressed with H2-M or controls as indicated.  
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3.2.7 Calreticulin depletion and H2-M10.4 coexpression are the 
necessary and sufficient conditions for surface expression of family 
A and B V2Rs 

We have also compared the surface expression of V2Rp2, VR1, VR4, VR14, 

and EC1-V2R co transfected with either RTP1S or H2M10.4 in HEK293T and R24 

cells, by live cell surface staining (Figure 3-7). Each receptor is specifically trafficked 

in the calreticulin knock down condition in the presence of H2M10.4 only. Therefore 

depletion of calreticulin and co expression of H2-M10.4 are both necessary conditions 

for successful trafficking of V2Rs in R24 cells.  

3.2.8 Restoration of intracellular calreticulin inhibits V2R trafficking 

To demonstrate that surface trafficking of the V2Rs is determined by level of 

intracellular calreticulin, we have co transfected calreticulin with two representative 

receptors, V2R2 and V2Rp1 in R24 cells. To eliminate the effect of shRNA on the 

exogenous calreticulin, we constructed an RNAi resistant version of the protein by 

introducing silent mutations in the region of shRNA target. We found that restoration of 

intracellular calreticulin drastically reduces surface expression of both receptors while, 

co transfection with calreticulin4 has little or no effect (Figure 3-8 a-f) and have 

verified this quantitatively using FACS (Figure 3-8 g-j).  



 

58 

 

Figure 3-7: Family A and B receptors are surface expressed on co expression with 
H2-M10.4 only, in calreticulin depleted background. 

a-f, Cell surface staining of V2Rs (as indicated) cotransfected with RTP1S +β2m in 
HEK293T. a’-f’, GFP for a-f. g-l, Cell surface staining of V2Rs (as indicated) 
cotransfected with RTP1S+β2m in R24. g’-l’, GFP for g-l. m-r,  Cell surface staining of 
V2Rs (as indicated) cotransfected with H2-M10.4 +β2m in HEK293T. m’-r’, GFP for 
m-r. s-x, Cell surface staining of V2Rs (as indicated) cotransfected with H2-M10.4 
+β2m in R24. s’-x’, GFP for s-x. 
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Figure 3-8: Restoration of calreticulin expression decreases surface expression of 
V2Rs.  

Cell surface staining for V2R2 in R24 in presence of a, calreticulin b, calreticulin4 c, 
Gαi. Cell surface staining for V2Rp1 in R24 in presence of d, calreticulin e, calreticulin4 
f, Gαi.   a’-f’ GFP for a-f.   FACS analysis of cell surface expression of g, V2R2 and h, 
V2Rp1 in presence of calreticulin (green) , calreticulin4 (red) and Gαi (blue) in R24 
cells. Graphical representation of percentage labeled cells from FACS analysis of i, 
V2R2 and j, V2Rp1 in presence of calreticulin, calreticulin4 and Gαi. 
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3.2.9 Calreticulin knock down does not affect other chemosensory 
receptors 

Finally we tested the surface expression of ORs and V1Rs in HEK293T and 

R24 in presence and absence of RTP1S (Figure 3-9). We found that in either cell line 

the odorant receptors are not transported in absence of RTP1S while in presence of it, 

OR trafficking is indistinguishable. V1Rs are not surface expressed in either R24 or 

HEK293T in presence or absence of RTP1S. Therefore calreticulin knock down 

specifically aids trafficking of V2Rs and not other receptors.  

 

Figure 3-9: Calreticulin knockdown does not affect surface trafficking of other 
chemosensory receptors. 

a, b, Cell surface staining for odorant receptors (as indicated) in HEK293T. c, d, Cell 
surface staining of V1Rs (as indicated) in HEK293T. a’-d’, GFP for a-d. e, f, Cell 
surface staining for odorant receptors (as indicated) in R24. g,  h, Cell surface staining 
of V1Rs (as indicated) in R24. e’-h’, GFP for e-h. i,j, Cell surface staining for odorant 
receptors (as indicated) cotransfected with RTP1S in HEK293T. k,l, Cell surface 
staining of V1Rs (as indicated) cotransfected with RTP1S in HEK293T. i’-l’, GFP for a-
d. m,n,  Cell surface staining for odorant receptors (as indicated) cotransfected with 
RTP1S in R24. o,p, Cell surface staining of V1Rs (as indicated) cotransfected with 
RTP1S in HEK293T. m’-p’, GFP for m-p. 
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3.2.10 N and C domains of calreticulin effect trafficking of V2Rs 

In order to address which domain(s) of calreticulin is particularly responsible 

for ER retention of the V2Rs, we designed a series of chimeric proteins by swapping N-

, P- and C- domains of calreticulin and calreticulin4. To assess the effect of each 

chimera, we have cotransfected these with V2R2 and V2Rp1 independently in R24 

cells and carried out cell surface staining for the receptors (Figure 3-10). 

V2R2:  We found that swapping N domain of calreticulin with that of 

calreticulin4, increases surface expression of V2R2 in R24 cells, when co transfected 

with each chimera. In addition to N domain, swapping C domain further improves 

surface expression of V2R2.  

V2Rp1: Swapping of any or the three domains of calreticulin independently, 

does not improve surface expression of V2Rp1 markedly; however, swapping of  N and 

C domains simultaneously, with those of calreticulin4, seems to enhance surface 

expression radically as compared to calreticulin.  
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Figure 3-10: N and C domains of calreticulin negatively regulate surface expression 
of V2Rs. 

a, schematic representation of calreticulin and calreticulin4 N, P and C domain 
exchanges in chimeras. b, cell surface staining of V2R2 and V2Rp1+H2-M10.4+β2m in 
R42 cells in presence of calreticulin4 or chimeras or calreticulin or control RTP1S (as 
indicated).  

Cell surface staining results were verified using FACS, where swapping of N and 

C domains of calreticulin with those of calreticulin4 resulted in maximum enhancement 

of surface expression of V2Rs.  
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Figure 3-11: Relative effects of calreticulin domain swapping on surface expression 
of V2Rs 

FACS analysis of relative fractions of surface stained cells expressing a, V2R2 or b, 
V2Rp1+H2-M10.4+β2m in presence of calreticulin4 or chimeras or calreticulin or 
control RTP1S, as indicated (number of cells in each case normalized to number of cells 
labeled in RTP1S control) 

3.3 Discussion  

We have found that while calreticulin4 seems to be an intact gene in animals 

that appear to have functional V2Rs, the former does not increase the surface 

expression of V2Rs in heterologous cells par se. The ubiquitous homolog, calreticulin 
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in heterologous cells interferes with surface targeting of V2Rs and down regulating its 

cellular expression plays a key role in surface trafficking of V2Rs; restoration of 

calreticulin in R24 cells reduces surface expression again while co expression of 

calreticulin4 has little or no effect. Two possibilities why calreticulin may prevent ER 

exit of the V2Rs are:  

1.Calreticulin may bind the receptors non transiently and tightly, the V2R-calreticulin 

complex fails to dissociate. 

2.Calreticulin may fail to recognize a V2R as folded and therefore attempts to fold it 

repeatedly and ultimately sends it into the ER associated degradation pathway.  
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Figure 3-12: Model for the effect of calreticulin and calreticulin4 on V2R trafficking 
in heterologous cells 

a. Calreticulin impedes trafficking of V2Rs in ER of heterologous cells. b, Calreticulin 
knock down removed blockage to trafficking. c, Calreticulin4 does not impede 
trafficking of V2Rs from ER of heterologous cells. 

Calreticulin depletion appears to be sufficient for family C receptors to target to 

the cell surface; family A and B however require co transfection of H2-M10.4 for 

effective surface expression, in addition to calreticulin depletion. MHC class I b 

complex may play one or more roles in surface expression of the V2Rs:  

1.Masking of some ER retentive interaction of V2Rs 
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2.Stabilization and promotion of correct folding of V2Rs 

3.Induce transport of vesicles/ cargos including V2Rs.  

In the R24 cells, H2M10.4 appears to be the most potent MHC class 1b 

molecule, in helping transport of V2Rs. Why the other MHCs do not appear to be as 

effective is not clear; a large number of cells die on co transfection of V2Rs with the 

other H2Ms, which may imply, the combination of the V2Rs with the other H2Ms is 

somewhat toxic.  

We have constructed chimeric proteins by swapping domains/ domain 

combinations of calreticulin with those of calreticulin4. Using these chimeric constructs 

we have shown that for family C receptors, swapping N domain of calreticulin with that 

of calreticulin4 increases surface expression and exchanging C domain in addition to N, 

is further beneficial for surface trafficking. For family A and B receptors, replacement 

of both N and C domains of calreticulin is required to enhance surface expression in 

R24 cells and replacement of either domain alone does not seem to have any positive 

effect. This may be attributed to the fact that in case of family A and B, surface 

trafficking is also dependent on H2-M co expression and  each domain  of calreticulin 

may be interacting differentially with the V2Rs and H2Ms, such that the sum total 

effect on the V2R-H2M complex does not resemble that on the family C receptors 

exactly.  We have not found any evidence of P domain of calreticulin contributing 

towards ER retention of the V2Rs, since swapping of P either alone or in combination 

with N or C domains does not enhance the surface expression compared to calreticulin.   
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We have also demonstrated that calreticulin depletion specifically affects the 

membrane targeting of V2Rs while ORs and V1Rs remain unaffected. ORs are 

chaperoned by RTP1S only, irrespective of calreticulin expression while V1Rs fail to 

traffic to the surface under any circumstance. In the previous chapter we have seen that 

an undisrupted calreticulin4 coding sequence exits in animals that appear to have 

functional V2R coding sequences. If calreticulin is responsible for ER retention of 

V2Rs, its expression is required to be specifically downregulated in the VSNs to allow 

surface targeting of these receptors. However, other membrane proteins require 

calreticulin for correct folding while cellular processes like calcium homeostasis, 

adhesion, apoptosis and modulation of several transcriptional pathways involve the 

participation of calreticulin and its absence would severely hamper the normal 

functioning of the cell. Calreticulin4 may have co evolved with V2Rs such that 

residues/ motifs of calreticulin that dampen V2R trafficking have been mutated while 

retaining the broad functions of the chaperone, thus allowing the VSNs to function 

properly while not dampening the targeting of the receptors. 
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Chapter 4 : Functional assays with V2Rs and peptide 
ligands 

4.1 Introduction 

We have described establishment of a cell line in the previous chapter to surface 

express V2Rs heterologously. A heterologous system for GPCRs is primarily required 

to study 1.  Trafficking mechanisms and, 2. Ligand-receptor interactions. We have 

already reported factors that contribute towards trafficking of V2Rs to the surface of 

cells. In this chapter we report functional assays carried out to study ligand binding 

characteristics some of the V2Rs we have been able to surface express. 

Kimoto et al have shown that the 7kDa Exocrine gland Secreting Peptide 1 

(ESP1) from the extra orbital lachrymal gland of male mice induces robust c-Fos 

expression in the VNO sensory neurons of female mice.  They have further shown that 

cFos immunoreactivity overlaps with sensory neurons expressing the V2Rp sub family 

of V2Rs (Vmn2R111-Vmn2R117), though the pheromonal action in the male-female 

communication remains to be elucidated.  ESP1 is a member of a newly identified 

family of putative peptide ligands, clustered in chromosome 17 within a 3.2Mb region 

of the telomeric end of the MHC class I locus. Of these thirty eight ESP sequences, 14 

appear to be pseudogenes: seven appear to lack a starting codon and signal sequence 

(ESP12, 14, 19, 29, 32, 35, and 37) while seven more possess a stop codon in the open 

reading frame (ESP7, 10, 11, 13, 17, 21 and 33).  RT-PCR analysis has confirmed that 

these peptides are expressed largely in the extraorbital lachrymal gland, Harderian 

gland and the submaxillary gland of male and female mice. Expression of only two is 
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sexually dimorphic: ESP1 (adult male specific) and ESP36 (female specific). Each of 

the fourteen recombinant and bacterially purified peptide elicits an electrical response 

in VNO sections and are therefore potential candidates to test activation of V2Rs. In 

this chapter we describe the cloning, production and purification of some of the ESP 

family ligands; further we have used these ligands to test receptor activation in 

heterologous R24 cells. We have already shown that surface expression of the V2Rs is 

severely hampered by calreticulin while calreticulin4 does not affect trafficking in 

either a positive or a negative way. In this chapter we have also explored the roles of 

the calreticulins on the ligand binding properties of the receptors. In line with surface 

expression calreticulin is expected to negatively impact ligand binding; however the 

role of calreticulin4 is more open to speculation: even if it does not act as a chaperone 

to enhance receptor surface targeting, it may act as an accessory factor that aids in 

ligand binding or transducing signals downstream of the receptors. In particular, since 

we have found strong calreticulin4 immunoreactivity in the VNO microvilli, which is 

presumably the site of pheromone binding by V2Rs, the idea that calreticulin4 may 

play a role in agonist detection/ signal transduction is attractive.  

Major Urinary Proteins (MUPs), are the prime protein components of mouse 

urine and comprise of a group of 12 – 15 peptides, encoded from a multi gene family in 

chromosome 4 (Bennett, Lalley et al. 1982; Bishop, Clark et al. 1982; Krauter, 

Leinwand et al. 1982). MUPs are synthesized largely in the liver and in part in the 

lachrymal and salivary glands; in the liver, MUP synthesis seems to be driven by 

testosterone and male mice produce 5-20 times more MUPs than female mice. MUPs 
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have been indicated in transport of urine pheromones and in support of this hypothesis, 

they have been shown to bind pheromones (Bocskei, Groom et al. 1992; Sharrow, 

Vaughn et al. 2002; Armstrong, Robertson et al. 2005). Apart from pheromone binding, 

MUPs have been implicated in recognition of self and non self through olfactory 

investigation and urine scent marking by male mice (Hurst, Payne et al. 2001). As 

discussed in Chapter 1, Chamero et al have also demonstrated the role of MUPs in 

promoting intermale aggressive behavior in mice. Lisa Stowers group has cloned and 

purified five bacterially expressed recombinant MUPs and used mixtures of these to 

stimulate VSNs; RT-PCR from responding cells over several attempts has amplified 

Vm2R66, a candidate receptor for these recombinant MUPs. We have obtained the 

receptor and the recombinant peptides from the Stowers laboratory to test surface 

expression and functional response of Vmn2R66 in heterologous cells.  

A critical angle of ligand receptor interaction studies is determining domains of 

receptors that are important for various processes including ligand binding, G protein 

coupling, receptor homo/heterodimerization etc. Such studies are most efficiently 

carried out in heterologous systems since in vivo modifications of receptors can be time 

consuming and deleterious for the organism. The third family of GPCRs is 

characterized by an unusually large amino terminal ECD (between 500-600 amino 

acids, as opposed to less than 50 amino acids for other classes of GPCRs) that is 

thought to be primarily involved in ligand binding. For metabotropic glutamate 

receptors (a family of eight GPCRs also belonging to class 3 and expressed widely in 

the nervous system), functional assays carried out with chimeric receptors attests the 
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idea that the ECD may be the prime determinant in ligand selectivity. Thus a chimera 

of the ECD of mGluR type IV and TM domain of mGluR type I, responds to chemicals 

like L-2-amino-4-phosphonobutyrate, ligand to the type IV receptor (Tones, Bendali et 

al. 1995).  Chimeric V2R can thus be used to explore ligand binding determinants of 

the receptors. As an initiation, we swapped the entire ECD to examine ligand 

specificity; this may be furthered by mutating residues/stretches of residues to 

determine amino acids in particular are responsible for ligand binding. 

4.2 Results 

4.2.1 Cloning and purification of ESP peptides 

We cloned ESP3, 5, 6, 15 and 36 in the bacterial expression vector pET and 

used a histidine tag in frame at the N terminal end of each peptide to purify it after 

overexpression in E.coli BL21. Purity of the peptides was assayed by running a 

polyacrylamide gel followed by Coomassie blue staining.  

4.2.2 ESP ligands selectively activate V2Rp expressing R24 cells   

Calcium imaging assay 

To test ligand binding, we co transfected each receptor + H2-M10.4 + β2 

microglobulin complex with Gα15.  Gα15 couples to a vast number of GPCRs but not 

all, and leads to transient intracellular calcium release. After 36 hours of incubation, the 

cells were soaked in calcium sensitive dyes, Fluo4 and Fura red. Calcium release and 

binding to Fluo4 and Fura red results in increase of green fluorescence and decrease of 

red fluorescence respectively. 100nM ligand solutions were applied on the R24 cells 



 

72 

expressing the receptor complexes and changes in calcium dye intensities were 

monitored. We found, ESP5 and ESP6 activated cells transfected with V2Rp1 and 

ESP5 activated cells transfected with V2Rp2 (Figure 4-1).  
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Figure 4-1: Traces of calcium imaging response of R24 cells transfected with V2rp 
receptors on applications as indicated. 

Figure 4-1: a, Trace of a R24 cell transfected with V2Rp1+H2-M10.4+β2m treated 
with buffer, ESP peptides and isoproterenol (at time intervals as indicated on X axis), 
upper panel shows Fluo4 and Fura red response of the cell, at time of each application 
and 30 seconds after application. b, Trace of a R24 cell transfected with V2Rp2+H2-
M10.4+β2m treated with buffer, ESP peptides and isoproterenol (at time intervals as 
indicated on X axis), upper panel shows Fluo4 and Fura red response of the cell, at time 
of each application and 30 seconds after application. 
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Test of significance 

Number of cells transfected with V2Rp1 and responding to ESP5 and 6 were 

significantly higher than those responding to buffer, ESP3, 15 and 36. Similarly, 

number of cells transfected with V2Rp2 and responding to ESP5 was significantly 

larger than those responding to buffer, ESP3, 6, 15 and 36 (Figure 4-2). We tested other 

V2Rs, including VR1, VR4, VR14 and EC1-V2R and found none of these receptors are 

activated by any of the ESPs.   

 

 

Figure 4-2: Test of significance for selective ligand binding by V2Rp receptors. 

Graphical representation of cells transfected with a, V2Rp1+H2-M10.4+β2m or b, 
V2Rp2+H2-M10.4+β2m responding to buffer and ESP ligands as percentage of total 
isoproterenol response. Error bars represent SEM.  Number of cells transfected with c, 
V2Rp1+H2-M10.4+β2m and d, V2Rp2+H2-M10.4+β2m responding to each chemical 
(N=3) and p-values of Fisher’s exact tests. Iso isoproterenol.  
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Untagged V2Rp1 responds similar to HTRho tagged V2Rp1 and is inhibited in the 
presence of calreticulin 

In order to eliminate the possibility that ligand binding may be affected by 

tagging the receptors, we tested untagged versions of V2Rp1 for ESP response 

profiling. We transfected R24 cells with untagged V2Rp1 complex and found the 

averaged response to ESP5 and 6 was more than to buffer, ESP3, ESP15 and ESP36. 

Tagging the receptors therefore did not alter the ligand selectivity of the receptors 

(Figure 4-3a). To examine the effect of the calreticulins on ligand binding we 

transfected R24 cells with untagged V2Rp1 complex and calreticulin4 or calreticulin; 

calcium imaging assay showed that in presence of calreticulin4, percentage of cells 

responding slightly decreases as is evident from the decreased average response traces 

while in presence of calreticulin, most activity is lost (Figure 4-3 b,c).  
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Figure 4-3: Untagged receptor response to ESP ligands. 

a, Trace of averaged R24 cells response transfected with untagged V2Rp1+H2-
M10.4+β2m treated with buffer, ESP peptides and isoproterenol). b, Trace of averaged 
R24 cells response transfected with untagged V2Rp1+H2-M10.4+β2m treated with 
buffer, ESP peptides and isoproterenol). c, Trace of averaged R24 cells response 
transfected with untagged V2Rp1+H2-M10.4+β2m treated with buffer, ESP peptides 
and isoproterenol). 
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4.2.3 Dose response of V2Rp receptors to ESP ligands 

We carried out dosage response assays by applying ESP5 or ESP6 at 0.0, 0.1, 

0.3, 1, 3, 10, 30 and 100 nM concentrations to R24 cells transfected with V2Rp1 or 

V2Rp2 complexes. We found an increasing percentage of cells responding to 

increasing concentrations of ESPs (Figure 4-4).  

 

Figure 4-4: Dose response of V2Rp receptors to ESP ligands. 

a, Dose response of R24 cells transfected with V2Rp1+H2M10.4+β2m+Gα15 to 
increasing concentrations of ESP5 and 6. b, Dose response of R24 cells transfected with 
V2Rp1+H2M10.4+β2m+Gα15 to increasing concentrations of ESP5. 

4.2.4 Vmn2R66: A candidate receptor for MUPs 

Vmn2R66 was obtained (cloned in TOPO) from the Stowers laboratory (Scripps 

Institute, La Jolla, CA), sub cloned into our mammalian expression system and tested 

for surface expression on co transfection with H2-M10.4. We next tested its response to 

individual MUPs using calcium imaging assay. MUP17, 24 and 25 appeared to activate 

R24 cells transfected with Vmn2R66 complex significantly more than buffer and 

control peptides (ESP5 and 6). To control for receptor specificity we tested V2Rp1 

complex transfected cells and found that these show no response to MUPs.  
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Figure 4-5: Response of Vmn2R66 and V2Rp1 to MUPs and ESPs. 

Graphical representation of cells transfected with a, Vmn2R66+H2-M10.4+β2m or b, 
V2Rp1+H2-M10.4+β2m responding to buffer, ESP (100nM) and MUP (10µM) ligands 
as percentage of total isoproterenol response. Error bars represent SEM.  Tables show 
number of cells transfected with V2mn2R66+H2-M10.4+β2m and V2Rp1+H2-
M10.4+β2m responding to each chemical (N=3) and p-values of Fisher’s exact tests. 
Iso isoproterenol.  
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4.2.5 Extracellular domains of V2Rs determine ligand selectivity 

To determine what domain of the V2Rs dictates selectivity of ligand binding, 

we swapped the transmembrane and extracellular domains of V2Rp1 and V2Rp2 to 

construct chimeric receptors (Figure 4-5).  

 

 

Figure 4-6: Schematic representation of V2Rp receptor domains swapped and 
resulting chimeric receptors.  

Schematic representation of ECD and TM domains of a, V2Rp1, b, V2Rp2, c, p1EC-
p2TM (with ECD from V2Rp1 and TM from V2Rp2) and d, p2EC-p1TM (with ECD from 
V2Rp2 and TM from V2Rp1).  

 
We then used these chimeras to assay for ligand binding with calcium imaging 

and tested the five ESPs used previously. We found the chimera with extracellular 

domain of V2Rp1 responded to ESP5 and 6 while the chimera with extracellular 

domain of V2Rp2 responded to ESP5. It can therefore be concluded that extracellular 

domains of V2Rs determine ligand selectivity of the V2Rs.  
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Figure 4-7: Test of significance for selective ligand binding by chimeric receptors.  

Graphical representation of cells transfected with a, p1EC-p2TM +H2-M10.4+β2m or b, 
p2EC-p1TM +H2-M10.4+β2m responding to buffer and ESP ligands as percentage of 
total isoproterenol response. Error bars represent SEM.  Number of cells transfected 
with c, p1EC-p2TM +H2-M10.4+β2m and d, p2EC-p1TM +H2-M10.4+β2m responding to 
each chemical (N=3) and p-values of Fisher’s exact tests. 

4.3 Discussion 

The V2Rp subfamily of V2Rs comprises of seven putatively functional open 

reading frames (Vmn2R111, 112, 113, 114, 115, 116 and 117), spanning about a length 

of 1 megabases on chromosome 17. The six putative receptors are between 87 to 97 % 

similar to each other at the nucleotide level. Kimoto et al have shown that V2Rp 

expressing neurons are activated by ESP1 while we have clearly demonstrated that 

V2Rp1 and V2Rp2 expressing heterologous cells are activated by ESP5/6 or ESP5 

respectively.  We also demonstrate that activation by the ESPs is selective since, ESP3, 

ESP15 and ESP36 fail to activate the two V2Rps in R24 cells. We also show that 

V2Rp1 is more sensitive to EP6 than to ESP5, since at a given dosage, more cells seem 

to respond to ESP6 than to ESP5. Since ESPs fail to activate cells transfected with 
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other receptors, they may be a group of ligands specific to the V2Rp subfamily. This 

does not however exclude the possibility that V2Rps may respond to other chemicals/ 

peptides or ESPs may activate other receptors.  

Untagged V2Rp1 seems to have a response profile similar to HTRho tagged 

V2Rp1, which denotes tagging does not alter agonist binding properties of the V2Rs, 

although the sensitivity and number of cells responding to a given concentration is far 

less for the untagged receptor. This may be attributable to increased surface localization 

potentially conferred by the Rho tag. The response of the untagged receptor also 

depreciates on co expression of calreticulin while remains less effected on co 

expression of calreticulin4, which concurs with the fact that tagged receptor surface 

localization (discussed in Chapter 3) is heavily dampened by co expression of 

calreticulin, and less effected by the co expression of calreticulin4. Since calreticulin4 

fails to improve either surface expression or ligand elicited response of V2Rp1 any 

specific role of calreticulin4, besides not negatively impacting surface trafficking of 

V2Rs, still remains to be elucidated. In each case, response to isoproterenol of 

endogenous beta adrenergic receptor remains unaffected indicating that depletion of 

calreticulin or coexpression of the lectin chaperones affects the V2Rs in particular. 

Vmn2R66, surface expressed under similar conditions, responds to at least three of the 

recombinant and purified MUPs, provided by the Stowers laboratory and therefore may 

be a receptor for MUPs in vivo.  

Co expression of helper proteins is known to alter the ligand selectivity of 

receptors, for instance, ligand selectivity of the class B receptor, calcitonin like receptor 
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(CLR) is significantly altered on co expression of the different receptor activity 

modifying proteins (RAMP) 1, 2 and 3(McLatchie, Fraser et al. 1998); therefore it is 

conceivable, in case of the V2Rs, H2Ms may have a role to play in selectivity of 

ligands for a given receptor. In fact, variation of ligand selectivity for a particular V2R, 

coexpressed with different H2Ms leads to the possibility of a larger cognate ligand 

repertoire for each receptor, and a larger combinatorial code.  

We have also established that the ECD of the V2Rps dictates ligand specificity 

of the receptors; therefore conceivably in a bid to increase calcium responsiveness of 

V2Rs, chimeric receptors may be made with the ECD of the V2Rs fused with the TM 

domains of other receptors that are known to couple well with Gα15.  
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Chapter 5 : Conclusion 
Here, we report the expression of a putative endoplasmic reticulum chaperone 

calreticulin4 in the sensory neurons of the vomeronasal system. Sequence similarity 

with calreticulin suggests it is a homologue of the latter. We have also shown that 

calreticulin expression is down regulated in the vomeronasal organ and knocking down 

calreticulin promotes surface expression of family C receptors while co expression of 

H2-M10.4 with family A and B receptors enhances their surface expression in the 

calreticulin depleted background. We have therefore proved a novel role for MHC class 

1b genes expressed from the H2M locus, in the vomeronasal sensory neurons, in 

trafficking of V2Rs. Based on our studies on the mechanisms of V2R membrane 

targeting, we have established a heterologous system, used this to study ligand receptor 

interactions and have demonstrated that the receptors show ligand specificity in binding 

and activation; this removes a substantial road block  in  studying/deorphanizing V2Rs 

that has long decelerated the progress of this field.  We anticipate, our heterologous 

system will be used to study more V2R-pheromone receptors in future and will help 

associate sub families of receptors with definite ligands/ sets of ligands. This will clear 

the first step in pheromones perception, that is, mechanism of pheromone detection.  

5.1 Potential uses of the V2R heterologous system and future 
directions 

1.Ligand-receptor matching: An important use of the heterologous system is to be able 

to deorphanize receptors and find cognate ligands for them. V2Rs consist of a 

repertoire of 70 annotated receptors; in addition, evidences suggest, existence of splice 
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variants that may act as functional receptors. We have demonstrated co expression of 

one H2M, namely H2-M10.4 enhances receptors surface expression and also shows 

specific ligand mediated activation, under this condition. In vivo, however, receptors 

are often co expressed with one or more MHCs; therefore surface expression and ligand 

binding assays in R24 cells may be carried out by co transfection of the receptors with 

various combinations of the H2Ms.  Potential sources of candidate ligands may be 

mouse urine, soiled beddings, fur shavings, saliva, tear, various exocrine gland extracts 

and secretions etc.  

2.Studying trafficking mechanism: We already provided some insights about the 

trafficking mechanism of V2Rs, interactions with the calreticulin family members and 

H2-M class I proteins. We have shown different domains of calreticulin may be 

interacting differently with the V2Rs but N and C domains may largely be responsible 

for ER retention interactions with the V2Rs. V2R interactions with calreticulin family 

members may be further inspected by assaying for dissociation constants for  binding 

with different domains of calreticulin and calreticulin4.  Contribution of the H2-Ms 

towards trafficking of V2Rs is also of interest; MHC class I molecules have so far been 

implicated in immune functions, primarily in antigen presentation in T cells. However, 

we have demonstrated in our heterologous system, that H2M family members aid in 

targeting V2Rs to plasma membrane, a function not shown by other MHC class I 

proteins. It is conceivable that one or more domains of the H2Ms may be contributing 

towards this effect, and it may be possible to address this using chimeric H2M 

constructs. The H2Ms may generally be rendering more stability to the receptors, may 
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help in ER exit or packaging in smaller transport vesicles of the V2Rs. Different 

subcloned lengths of the extracellular/ transmembrane domains of V2Rs can be used to 

study what part of the receptors interact with calreticulin, causing ER retention and 

with H2-Ms causing surface expression.  

3.Strain specificity: A receptor can be cloned from different strains of mice and 

evaluated for binding of a particular ligand; based on sequence and response 

similarities/ differences from several such receptor studies, one may be able to decode 

the fundamentals of genetic variation involved in strain specificity.  

4.V2R domain swapping: Swapping of different domains of the V2Rs will lead to clues 

on what regions may be important for different functions like ligand binding, G protein 

activation, H2M interaction etc. The extracellular domain, in particular has been 

associated with ligand binding and splicing variants exist for this region. It is 

conceivable, mutating residues/ replacing stretches of amino acids may change ligand 

specificity of the receptors, thus indicate what residues are important for ligand 

binding. This, in particular is a direction that may not be/difficult to be addressed in 

vivo, and therefore a heterologous system is perfectly suited for this purpose. 

5.Calreticulin4 knock out: We have found calreticulin4 is specifically expressed in 

the VSNs of mouse. We have further established through immunostaining experiments 

that it is expressed more profusely in the basal layer and that it appears to be a 

functional gene in only organisms that seem to have functional V2R coding exons. 

These observations make calreticulin4 a strong V2R chaperone candidate. However, 

calreticulin4 fails to enhance surface expression of V2Rs in heterologous cells, where 
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the major contributor seems to be depletion of calreticulin. Therefore the role of 

calreticulin4 may simply be to substitute calreticulin and prevent its interfering effect 

on the V2R trafficking machinery. To determine the function of calreticulin4, it may be 

necessary to design a mouse knocked out for calreticulin4. If viable, the following 

attributes may be assayed for in comparison with wile type mice:  

a. Development of VNO, basal and apical layers: in analogy with involvement of 

calreticulin with cardiac development and impairment of the same in crt-/- mice, 

calreticulin4 may be involved in the development and maturation of the VNO/ VSNs. 

Knockout of calreticulin4 may then provide an interesting phenotype of impairment in 

VNO development.  

b.Localization of vomeronasal receptors, V2Rs in particular, in sensory neurons: In 

wild type mice, vomeronasal receptors show localization at the VNO microvilli, where 

they may be involved with detection of pheromone ligands inhaled/ transmitted by 

contact from the environment. If calreticulin4 is critical for chaperoning of some/ all 

receptors in vivo, the receptors are likely to fail to target to the microvilli in vivo in 

crt4-/- mice.  

c. Intraspecific communication including behaviors like maternal aggression, intruder 

aggression, mating, courtship etc: Since, we have observed calreticulin4 localizes in the 

VNO microvilli, it may be a component of the vomeronasal receptor signal transduction 

machinery, in addition to being an in vivo chaperone candidate.  Like calreticulin, it has 

an acidic residue rich C terminal domain, which may be used for calcium ion buffering/ 
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homeostasis in the VSN signaling system. Knocking out calreticulin4 may therefore 

result in aberrant social behavior and intraspecific communications.  

6. V2R signaling cascade and improvement of ligand binding assays: We have found 

under the most optimized conditions of ligand binding assays, at most 10-15% of 

transfected cells respond to candidate ligands. It is established odorant receptors use 

accessory factors for enhancement of surface expression and signaling; VSNs may be 

employing such accessory signaling components to amplify and transduce extracellular 

signals and these may be necessary for more efficient performance of the heterologous 

system as well. Secondly, chimeric receptors can be constructed by fusing extracellular 

domain of V2Rs with transmembrane domains of other GPCRs like calcium sensing 

receptor. Such fusion proteins may be used to assay for surface expression and 

subsequently ligand binding assay.  

5.2 Applications  

Apart from academic interest, research in the field of pheromone potentially has 

many applications that may improve the quality of human life:  

1. Rodent pest control: Rodents destroy almost 20% of the world’s total crop produce 

annually including a wide variety of agricultural products. Rodents are also known to 

cause/ transmit at least 45 endemic causing diseases like plague, lassa fever, 

lymphocytic chorio-meningitis and salmonellosis either directly (by fecal deposits in 

water and food, or carrying on feet, fur) or indirectly (through insect bites). Such 

disease endemics have caused wide scale devastations to the human population. Mice 

and rats breed profusely, it is estimated that a single pair of rats can generate 
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20,000,000 more in a span of 3 years, while mice breed even faster. Understanding 

social behavior of mice and other rodents and the molecular basis of such behavioral 

displays can help control their population. For instance if ligand-receptor pairs 

responsible for detection of conspecifics and potential mating partners are known, 

antagonists can be designed to block receptors and thereby control mating and 

population bursts.  

2. Wild life conservation: Converse to population control, vomeronasal receptor- ligand 

studies in endangered species can help design agonists that may promote behavioral 

responses such as sexual activity and maternal care, which will help propagate and 

conserve the species. Intelligent design of agonists that will specifically affect the social 

behavior of a particular group of animals will not have undesired effects on other 

species that might perturb the prevailing eco system.   

3. Human pheromone sensing: Understanding the function of the putative pheromone 

receptors in mouse, may help understand molecular mechanisms of possible 

pheromone perceptions in humans as well. We know V2Rs are pseudogenized in 

humans; however it does not eliminate the possibility of existence of a different class 

of pheromone receptors in humans, which may or may not be related to V2Rs. 

Alternatively, as shown in mice, pheromonal signals may be encoded in humans in the 

main olfactory bulb via main olfactory epithelium. Deciphering how social signals are 

encoded and relayed in humans may aid in fertility, birth control.  

4. Medicine: An application of the discovery of calreticulin4 expression substituting 

calreticulin is in the field of medicine. Cystic fibrosis (CF) is the most common genetic 
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disease in the Caucasian population, with a prevalence of about 1 in 2,000 live births 

and inheritance is autosomal recessive(Welsh, Ramsey et al. 2001). CF is a common 

generalized disorder of exocrine gland function which impairs clearance of secretions 

in a variety of organs. It is characterized by the triad of chronic bronchopulmonary 

disease (with recurrent respiratory infections), pancreatic insufficiency (which leads to 

malabsorption and growth retardation) and elevated sweat electrolytes. It has been 

shown that the detrimental mutation in the CFTR gene is responsible for the disease 

symptoms. It appears that the mutant ion channel is aberrantly glycosylated (Cheng, 

Gregory et al. 1990) and functional but unable to get trafficked to the surface of cells 

(Yang, Janich et al. 1993). It has also been demonstrated that depletion of calreticulin in 

heterologous cells helps the ion channel protein exit the endoplasmic reticulum and 

reach the surface(Harada, Okiyoneda et al. 2006), and in cell lines curcumin enhances 

CFTR expression by downregulating calreticulin promoter and activity (Harada, 

Okiyoneda et al. 2007). Depletion of calreticulin as a cure in human subjects may be 

hazardous, particularly since calreticulin is a house keeping gene product. Therefore the 

following steps may be experimented clinically:  

1.One can find the domain(s) of calreticulin that causes retention of CFTR and swap 

with the homologous parts of calreticulin4 to see if the chimera causes reduced 

retention of CFTR. 

2.Functional assays and mutational analyses similar to those that have been carried out 

to characterize calreticulin, may also be carried out for calreticulin4; if their structures, 

chaperone properties and other cellular functions show overall similarity, a possibility 



 

90 

is administering wild type calreticulin4 or a chimera in test cells/ tissues along with 

calreticulin suppressing agents, so that calreticulin4 or its chimera can take over the 

functions of calreticulin. 

5.3 Concluding remarks 

Matching pheromone receptors to their cognate ligands is studying only the beginning 

of a complicated neural pathway regulating social behavior. Undeniably receptor ligand 

interaction is the initiation of more complex outcomes like recognition of individual 

identity, maternal care, choice of reproductive partners and mating rituals. In what 

fashion a limited repertoire of receptors interplay to detect a myriad pheromones 

encoding complex information is the matter for more study and we expect our 

heterologous system will help shed more light on this molecular aspect of intriguing 

social behaviors.  
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Chapter 6 : Materials and methods 

6.1 Materials 

Agar (BD 214530) 

Agarose (RPI A20090-500.0) 

Amphotericin B solution (Sigma A2942) 

Ammonium Persulfate (BioRad 161-0700) 

Bacto tryptone (BD 211705)  

Calcium Chloride (American Bioanalytical AB00366) 

Cellstripper (Cellgro 25-056-Cl)   

Chloroform (EMD CX1055-6) 

Dimethyl Sulphoxide (Sigma D2650)  

Dulbreccos Modified Essential Medium  

Ethyl alcohol (IBI Scientific IB15720) 

Fluo-4, AM (Molecular Probes F-14201) 

Fura Red, AM (Molecular Probes F-3021) 

Glucose (Sigma G8769) 

HBSS, Hanks Balanced Salt Solution 1X (with CaCl2, MgCl2 GIBCO 14025)  

HEPES Buffer solution 1(M) (Gibco 15630) 

Imidazole (Sigma I-5513) 

Lipofectamine 2000 (Invitrogen 11668-019) 

Magnesium Chloride (EMD MX0045-2) 

Methanol (Honeywell 230-4) 

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&showAddButton=true&productID=11668019�
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Minimum Essential Medium (MEM) Eagle with L glutamine, Earle’s salt and 

bicarbonate (Sigma M4655) 

Mowiol (Calbiochem 475904) 

Ni-NTA beads (Novagen)  

Paraformaldehyde (EMS 19208) 

Penicillin Streptomycin (Sigma P4333) 

Phenol (Sigma P4557) 

Phosphate Buffer Saline (Cellgro, 21-040-CV, 1X)  

Pluronic F-127 (Invitrogen P3000MP) 

Poly D lysine hydrobromide (Sigma P7280)  

Potassium Chloride (Mallinckrodt Chemicals 6845-04) 

Potassium Phosphate Dibasic (Mallinckrodt 7088) 

Puromycin hydrochloride (Sigma A8833-10MG) 

Sodium Azide (EM Science SX0299-1) 

Sodium Chloride (Mallinckrodt chemicals 7581-06) 

Sodium Dodecyl Sulfate (American Bioanalytical AB01920) 

Sodium Phosphate Monobasic Monohydrate NaH2PO4 (EM science SX0710-1)   

Sodium Pyruvate (Gibco 11360) 

Sterile water (Gibco 15230) 

Trypsin-EDTA (Gibco 25300, 0.05%) 

Yeast extract (BD 212750) 
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6.2 Media and solution recipes 

6.2.1 Cell maintenance 

M10: 

Minimum Essential Medium (MEM) Eagle with L glutamine, Earle’s salt and 

bicarbonate, 45 ml. 

Fetal Bovine Serum, 5 ml (10% volume/volume)  

PSF: 

M10, 50 ml 

Penicillin-streptomycin (Penicillin: 10000 units/ml, streptomycin 10 mg/ml), 300 μl  

Amphotericin B solution 250 μg/ml, 300 μl  

Puromycin solution: 

Puromycin, 10 mg (final concentration: 1mg/ml) 

Sterile water, 10 ml  

PSF-Puromycin: 

PSF, 50 ml 

Puromycin hydrochloride 1 mg/ml, 1.0-2.0 ml (final concentration: 20-40 μg/ml).  

Freezing mixture: 

M10, 45 ml 

DMSO, 5 ml (final concentration: 10% volume/volume)  

HEPES 1 M, 500 µL (final concentration: 10 mM)  
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6.2.2 Cell surface staining 

Poly D lysine solution: 

Poly D lysine, 5 mg (final concentration: 1 mg/ml)  

Sterile water, 5 ml 

Staining media: 

M10, 50ml 

HEPES 1 M, 500 µL (final concentration: 10 mM) 

NaN3 1.5 M, 500 µL (final concentration: 15 mM) 

Wash solution 

HBSS, 500 ml 

HEPES 1 M, 5 ml (final concentration: 10 mM) 

NaN3 1.5 M, 5 mL (final concentration: 15 mM) 

6.2.3 ESP preparation 

Bacterial growth: 

Luria Broth: 

Bacto tryptone, 10 g 

Yeast extract, 5 g 

Distilled water, 1000 ml 

NaCl, 10 g 

pH 7 

Agar plates: 

Bacterial media containing 1.5% (weight/volume) agar (1.5 g/ 100 ml LB)  
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Kanamycin growth media: 

Luria Broth, 1000 ml 

Kanamycin (stock 10 mg/ml), 5 ml (final concentration: 50 µg/ml)  

Protein purification 

Lysis/ binding solution 

NaCl, 300 mM 

NaH2PO4, 50 mM 

Imidazole, 10 mM 

pH 8.0 

Washing solution 

NaCl, 300 mM 

NaH2PO4, 50 mM 

Imidazole, 20 mM 

pH 8.0 

Elution solution 

NaCl, 300 mM 

NaH2PO4, 50 mM 

Imidazole, 250 mM 

pH 8.0 

Ringer’s solution 

NaCl (final concentration: 140 mM) 

KCl (final concentration: 5.6 mM) 
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MgCl2 (final concentration: 2 mM) 

CaCl2 (final concentration: 2 mM) 

Glucose (final concentration: 9.4 mM) 

K2HPO4 (final concentration: 1.25 mM) 

HEPES (final concentration: 5 mM) 

Sodium pyruvate (final concentration: 2 mM)  

6.2.4 Calcium Imaging 

HBSS buffer 

HBSS, 500 ml 

HEPES 1 M, 5 ml 

Glucose 45%, 1 ml 

Fluo-4 solution  

Fluo-4, 50 µg 

DMSO 12.5 µl 

Fura red solution 

Fura red, 50 µg 

DMSO, 12.5 µl 

Loading buffer: 

HBSS buffer (above), 1ml 

Bovine serum albumin 7.5%, 13.3 µl  
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Dye mixture:  

Pluronic acid, 0.5 µl 

Fluo-4 (4 µg/µl), 0.5 µl 

Fura Red (4µg/µl), 1µl 

Loading buffer, 500 µl 

6.3 Methods  

6.3.1 RT PCR 

mRNA was extracted using Trizol reagent from different mouse organs and 

purified using RNeasy Kit (Qiagen). cDNA was made from mRNA using oligo deoxy 

neuclotide primer (IDT), reverse transcribed by Superscript II (Invitrogen, 18064-014) 

and used as PCR templates. RT-PCR screening was VNO for preliminary screening of 

twenty four genes. GAPDH primers (TTGGCATTGTGGAAGGGCTC, 

TTACTCCTTGGAGGCCATG) and calreticulin4 primers 

(AACTCGAGAAACCTCGGATCATTGAC, 

AAGCGGCCCGCTTACAGTTCATCCTTC) were used to carry out reverse 

transcriptase PCR from adipose, adrenal, brain, eyes, liver, intestine, lung, OE, skeletal 

muscle, skin, spleen, taste, testis and VNO cDNA and run in 1.5% agarose gel to 

analyze products.  

6.3.2 In situ hybridization 

The 476 base pair long 3’ terminal fragment of calreticulin4 that was obtained 

from screening RT-PCR (using primers: AACTCGAGCTCGGATCATTGACAAC 
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(forward) and AAGCGGCCGCTTACAGTTCATCCTTCTGAT (reverse)) was cloned 

into pBluescript using Xho1 (5’ end) and Not1 (3’ end). This clone served as template 

to synthesize DIG labeled antisense RNA probes, using T3 RNA polymerase. In situ 

hybridization was carried out using this probe, and a TPRC2 probe, prepared the same 

way for positive control. Protocol followed as described before(Buck and Axel 1991; 

Schaeren-Wiemers and Gerfin-Moser 1993; Matsunami and Buck 1997). 

6.3.3 Cloning 

PCR reactions 

In all PCR reactions carried out, following general recipe was followed: 

5’ primer (5µM) 1/10th total volume 

3’ primer (5µM) 1/10th total volume 

dNTP mixture (2mM per dNTP) 1/10th of total volume 

10X polymerase buffer 1/10th total volume 

Template reaction dependent 

Water to make volume up to desired total 

For amplifications from plasmid DNA, 20 cycles have been used. For amplifications 

from cDNA, 30 cycles have been used and more cycles added (up to a total of 45) 

depending on specific reactions. 

PCR cycles: 

94°C  2m 

94°C  15s 
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50°C  15s 

72°C  1m/kb 

for 30-35 cycles (20 cycles for plasmid) 

72°C      10m 

4°C         soak 

Cloning of calreticulin4 

Precise 5’ and 3’ sequence of calreticulin 4 was determined using two 5’ Rapid 

Amplification of cDNA Ends (RACE) primers 5’ primers: 

GCTTAAACCTGGTGGAAAG, CTTGATAAAATTTTCCCGAG;  

3’ primers: GATGAGGAGGACGCTGAAGAGG, 

CCTGGGGATTAAGAAAGGATG). Calreticulin4 open reading frame was then 

amplified from VNO cDNA of C57/BL6 adult mice and cloned into mammalian vector 

pCI using XhoI (5’) (ACTCGAGAGATGAGGAGCCTGTCGCTG) and NotI (3’) 

(AAGCGGCCGCTTACAGTTCATCCTTCTGAT). XhoI and NotI sites are 

highlighted in red.  
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Cloning of H2M family and β-2 microglobulin 

Table 1: Primers used for cloning MHC class 1b from VNO cDNA 

Protein 5’ primer 3’ primer 
      H2M1 AAACGCGTATGAAGAAC 

TTTGAATCCCAG 
AAGCGGCCGCTTAACCTC
TAGTCCTTCTCTTC 

H2M9 AAACGCGTATGAAGAAC 
TTTGAATCCCAG 

AAGCGGCCGCTTAAGAC
CATGACCCTTTCT 

H2M10.1   AAACGCGTATGAGGAAC 
ACTGGACCC 

AAGCGGCCGCTTATTTCC
TCCAACACCAG 

H2M10.3   AAACGCGTATGAGGAAC 
CCTGGATGC 

AAGCGGCCGCTTATTTCT
TCCACACCAGAAA 

H2M10.4   AAACGCGTATGAGGAAC 
CCTGGACAC 

AAGCGGCCGCTTATTTCC
TCCACACCAGAA 

H2M10.5   AAACGCGTATGAGGAAC 
CCTGGATGC 

AAGCGGCCGCTTATTTCT
TCCACACCAGAAA 

H2M10.6   AAACGCGTATGAGGAAG 
CCTGGACCC 

AAGCGGCCGCTTAATTCT
TCCATACCAG 

β-2 m          AAACGCGTATGGCTCGC 
TCGGTGAC 

AAGCGGCCGCTCACATGT
CTCGATCCCA 

 

H2Ms and β-2 microglobulin were amplified from VNO cDNA of C57/BL6 

adult mice using KOD DNA polymerase (Novagen, # 71316) and cloned into 

mammalian expression vector pCI using MluI and NotI. Restriction sites are 

highlighted in red.  

Cloning of V2Rp receptors 

The V2Rs were amplified using Expand High Fidelity PCR system (Roche) 

from VNO cDNA using manufacturers manual and cloned into mammalian expression 

vector pCI using XhoI and NotI as cloning enzymes. The matured protein sequences of 
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the receptors V2R2, Vmn2R6, V2Rp1, V2Rp2, VR1, VR4, VR14 and EC1-V2R were 

cloned into pCI tagged with HT-Rho for ER targeting and surface labeling.  

Cloning of calreticulin and calreticulin4 chimeras  

N-, P-, C- , N+P and P+C domains of human calreticulin (RNAi resistant) and 

mouse calreticulin4 were amplified independently using chimeric primers listed below 

(Restriction sites are highlighted in red, human calreticulin sequences of chimeric 

primers are indicated in black and mouse calreticulin4 sequences of primers are 

indicated in green):  
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Table 2: Primers used for cloning calreticulin-calreticulin4 chimeras 

Chimer
a 

5’ 3’ 

h-cal 
N 

domain 

AACTCGAGATGCTGC 
TATCCGTGCCGCTG 

CACTTGTCACCTTCT 
GGTTGTCAATCTTCA 
CCTCATAGGTG 

h-cal 
P 

domain 

CTTATGAGGTTAAAA 
TTGACAACAGCCAGG 
TGGAGTCCG 

GATAGTGACCAATG 
GTGGGATCGGGAGA 
ATACTCGGGG 

h-cal 
C 

domain 

CCCCAAATACAGGCC 
TGACCCCAGTATCTAT 
GCCTATGAT 

AAGCGGCCGCCTAC 
AGCTCGTCCTTGGCC 

h-cal 
N+P 

AACTCGAGATGCTGC 
TATCCGTGCCGCTG 

GATAGTGACCAATG 
GTGGGATCGGGAGA 
ATACTCGGGG 

h-cal 
P+C 

CTTATGAGGTTAAAAT 
TGACAACAGCCAGGT 
GGAGTCCG 

AAGCGGCCGCCTAC 
AGCTCGTCCTTGGCC 

m-cal4 
N 

domain 

AACTCGAGATGAGGA 
GCCTGTCGCTGCTG 

CCGGACTCCACCTGG 
CTGTTGTCAATTTTAA 
CCTCATAAG 

m-cal4 
P 

domain 

TATGAGGTGAAGATTG 
ACAACCAGAAGGTGA 
CAAGTGG 

ATCATAGGCATAGAT 
ACTGGGGTCAGGCCT 
GTATTTGGGG 

m-cal4 
C 

domain 

CCCCGAGTATTCTCCCG 
ATCCCACCATTGGTCAC 
TATC 

AAGCGGCCGCTTACA 
GTTCATCCTTCTG 

m-cal4 
N+P 

AACTCGAGATGAGGAG 
CCTGTCGCTGCTG 

ATCATAGGCATAGATA 
CTGGGGTCAGGCCTGT 
ATTTGGGG 

m-cal4 
P+C 

TATGAGGTGAAGATTGA 
CAACCAGAAGGTGACA
AGTGG 

AAGCGGCCGCTTACAG 
TTCATCCTTCTG 

 

 Chimeric PCR was carried out to amplify domain swapped PCR products 

using the above PCR products and calreticulin or calreticulin4 end primers. Chimeric 

PCR products were cloned into pCI using NotI and MluI restriction enzymes.  
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Cloning chimeric receptors 

Table 3: Primers used for cloning chimeric receptors 

V2Rp1 (extracellular)_3 GGAAAGTGCCATCCCCAG 
TGGTTCTTCATAGCTGAG 

V2Rp2 (extracellular)_3 GGAAAGTGCCATCCCCAGT 
GGTTCTTCATAGTTGAG 

V2Rp1 (transmembrane)_5 CTCAACTATGAAGAACCAC 
TGGGGATGGCACTTTCC 

V2Rp2 (transmembrane)_5 CTCAGCTATGAAGAACCAC 
TGGGGATGGCACTTTCC 

 

To clone chimeric receptors, extracellular and transmembrane domains were 

amplified in first PCR using above primers alone with end primers followed by 

joining of extracellular and transmembrane fragments in second PCR using end 

primers. These were cloned into HTRho tagged pCI vector.  

Cloning of ESP peptides 

Table 4: Primers used for cloning ESPs from cDNA of lachrymal glands 

Ligand 5’ primer 5’ primer 
ESP3 AACATATGATTCTGACAC 

AGACTCAAAAAG 
AACTCGAGTTAATCGATGGCAC 
AGAGCATCC 

ESP5 AACATATGGTACTGACAC 
AGACTC 

AACTCGAGTTAATGGGAAATCA 
AGATCTTTTTCAC 

ESP6 AAACATATGGTTCTGACA 
CAGACTC 

AACTCGAGCTACACTGGGTTATC 
GAGC 

ESP15 AACATATGGCACTGAAAC 
GGACTG 

AACTCGAGTTATCACATAGTTAA 
ACTAC 

ESP36 AACATATGGTACTACCAG 
AGACTCAGAAAG 

AAACTCGAGTTAGGTTTTGTGCCT 
AATACTATTCC 
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ESPs were amplified from cDNAs of mouse salivary glands and cloned into 

bacterial expression vector pET28a (Novagen, San Diego, CA) using cloning sites NdeI 

and XhoI. Restriction sites are highlighted in red.    

Sequencing reactions 

Sequencing reactions were set up as follows:  

5’/ 3’ primer (5µM stock) 1µl 

Big Dye 1µl 

5X termination buffer 2µl 

Water 5µl 

Plasmid DNA (100ng/µl) 1µl 

6.3.4 Bioinformatics and sequence analysis 

Calreticulin4 

Protein sequence of mouse calreticulin4 was used to find similar sequences in 

the genomes of nine more vertebrates and these were downloaded or reconstructed 

from available exon sequences using genome browsers. Exons three through six of 

calreticulin4 sequence for all ten vertebrates were aligned and distance tree was 

constructed using MEGA version 4.   

Marmoset V2Rs 

To find V2R sequences in the marmoset genome, protein sequence 

corresponding to the 7TM domain of various mouse V2Rs were blasted onto the 

marmoset genome; contig hits that aligned with the query sequences were analyzed for 

the presence of frameshift/premature stop codons. Only a small subset of contig 
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sequences were constantly retrieved with each mouse V2R TM, and all of these seemed 

to contain two or more deleterious mutations. Therefore we were unable to find any 

functional V2R in the marmoset genome.   

Table 5: Marmoset contigs that were hit for indicated mouse V2R TM query 
searches in marmoset genome 

Mouse 
receptor 

Marmoset contig hit for 
7TM of mouse receptor 

Contig 

V2Rp1 6682 pseudogene 
5429 pseudogene 
157 pseudogene 

EC1 6682 pseudogene 
VR1 6682 pseudogene 
VR14 50306 pseudogene 

6682 pseudogene 
5429 pseudogene 

V2Rp2 6682 pseudogene 
5429 pseudogene 
157 pseudogene 

VR2 6682 pseudogene 
VR4 6682 pseudogene 

50306 pseudogene 
5429 pseudogene 

VR3 6682 pseudogene 
50306 pseudogene 

Vmn2R72 50306 pseudogene 
157 pseudogene 

V2R2 5429 pseudogene 
 

6.3.5 Cell culture 

HEK293T  

HEK293T cells were grown in a 37°C incubator containing 5% CO2 in 

minimum essential medium containing 10% fetal bovine serum and penicillin-

streptomycin-fungizone. 
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Each vial of cells was quickly thawed by incubating in 37°C water bath for 

about a minute; thawed cells were added to 15mL falcon tubes containing 10mL M10 

and centrifuged at 1000rpm for 5-10 minutes. Supernatant containing freezing media 

and M10 were quickly removed using vacuum pump; cells resuspended in 8mL M10 or 

PSF and plated in 100mm cell culture dishes. Cells grown and maintained in incubator 

at 37°C, 5% CO2 flow and water bath containing autoclaved water for humidity. Media 

changed after overnight with fresh 8mL PSF and cells grown to confluence.  

Thawing 

Confluent cell plates were washed with 8mL phosphate buffer saline. To split 

cells from 100mm plates, 3mL Trypsin was added and incubated till all cells peeled out 

of the plates; enzyme reaction stopped by adding 5mL M10, cells pipetted up and down 

in 10mL pipettes to split, added to 15mL falcon tubes and spun at 1000rpm for 5-10 

minutes. Fresh plating was done with lower confluency of cells in 8mL PSF.  

Splitting 

Cells split as discussed and resuspended after spinning in freezing mixture (each 

100mL confluent plate of cells resuspended in 1mL freezing mixture, frozen in a single 

vial for usage next time) and frozen in -80°C in ethanol bath.  

Freezing 

R24 

Transfection: Anti calreticulin shRNA clones were ordered from 

Openbiosystems (catalog # RHS1764-9208681 and RHS1764-9692372, clone IDs 

Establishing calreticulin knock down cell line  
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V2HS_15095 and V2HS15097respectively and targeting sequences 

CACGGTGACGAGGAGAAAGATA and CGCACGGAGACTCAGAATACAA of 

the calreticulin ORF respectively). HEK293T cells were plated in 35mm dishes, ~20% 

confluent; after 24 hours, cells were transfected with 1µg of V2HS_15095 or 

V2HS15097. After 48 hours cells were split and seeded in 100mm culture dishes, at 

1/100 and 1/1000 dilutions. PSF-puromycin (5µg/µl) containing medium was added for 

selection. Cells were allowed to grow and form isolated colonies for about a week.  

Picking colonies: Microscope was wiped down with 75% ethanol was placed in 

hood (also wiped down thoroughly with ethanol 75%). Selection medium was replaced 

carefully with 10mL PBS. In a round bottomed 96 well plate, 20µL Trypsin was added 

to as many wells as the number of colonies to be picked. Each colony was picked with 

a P20 pipette and transferred to wells containing Trypsin. Colonies picked were 

preferably round in shape, of miscellaneous sizes and not too large. Care was taken to 

pipette out minimal amount of PBS and in the wells, they were pipetted up and down to 

dissociate the cells well, 200µL M10 was added to stop enzyme reaction and cells 

transferred to 35mm dishes to grow.  

Assay: Expanded colonies were transfected with 0.8µg V2R2, 0.3µg BFP and 

0.9µg pCI, ~40 hours post transfection cells were surface stained for V2R2 examined 

and compared. Clone 24 (obtained from V2HS15097 targeting 

CGCACGGAGACTCAGAATACAA) was found to be the best, recloned at very low 

density again (25cells and 100cells in 100mm plates respectively). From these colonies, 

labeled A through R, R showed the best surface expression of V2R2 when assayed in a 
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similar way. R24 was expanded and frozen for further use. Freezing of R24 cells was 

carried out exactly as described for HEK293T cells.  

A frozen vial of R24 cells was quickly thawed in a 37°C water bath. 

Immediately after thawing, cells were diluted in 10 mL M10, spinned at 1000 rpm for 5 

minutes. Supernatant was aspirated and cells were resuspended in 10mL M10 and 

plated in a 100mm sterile cell culture dish. They were allowed to incubate overnight at 

37°C. 24 hours after thawing, the medium was changed to PSF. 24 hours later, medium 

was again changed to PSF containing 5µg/mL puromycin. A large number of cells 

usually die after addition of lower concentration of puromycin. 24 hours after addition 

of 5µg/mL puromycin, the medium was changed to 20µg/mL puromycin containing 

PSF. More cells are found to die at this stage. Cells were split at this stage if required. 

Thereafter the cells were maintained in 20-30 µg/ml puromycin containing PSF.  

Thawing  

Prior to splitting, media was aspirated and cells were washed with 8mL sterile 

PBS. Cells were split with 3mL trypsin (0.05%); on completion of trypsinization, cells 

were diluted with 5 mL M10, spinned at 1000 rpm for 5 minutes and plated in new 

sterile 100 mm plate.  

Splitting  

Cells split as discussed and resuspended after spinning in freezing mixture (each 

100mL confluent plate of cells resuspended in 1mL freezing mixture, frozen in a single 

vial for usage next time) and frozen in -80°C in isopropyl alcohol bath.  

Freezing  
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NIH3T3 

NIH3T3 cells were obtained from the cell culture facility. Cells were 

maintained in Dulbeccos Modified Eagle Medium or DMEM (Sigma cat#6429) 

containing 10% fetal bovine serum (by volume), Penicillin, Streptomycin and 

Fungizone in 100 mm culture dish in a 37°C incubator containing 5% CO2. 

Cells were washed with 8ml phosphate buffer saline, and treated with 3 ml 

0.05% trypsin for less than 5 minutes to split; trypsin was diluted with 5ml DMEM 

supplemented with 10% FBS, and spinned at 1000rpm for 5 minutes. 

Splitting 

Cells at approximately 90% confluency were split in 100 mm dishes as 

discussed before, spinned and suspended in DMEM, 10% FBS and 5% 

dimethylsulfoxide and frozen in ethanol bath in -80°C.   

Freezing 

6.3.6 Western blot 

HEK293T and R24 were grown to equal confluency in minimal essential 

medium supplemented with 10% fetal bovine serum and containing penicillin-

streptamycin-fungizone (for HEK293T) and penicillin-streptamycin-fungizone plus 

20µg/ml puromycin respectively for 48 hours. Cells were scraped out in loading 

solution and 20 µl of each sample were heated 90ºC for 5 minutes, loaded and to and 

run in denaturing 15% polyacrylamide gel; overnight nitrocellulose membrane transfer 

was carried out (using Hybond-ECL nitrocellulose membrane, Amersham Biosciences 

RPN68D) at 17V. Blocking was carried out in 5% milk in TBST for 1 hour. Primary 
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incubation for calreticulin was carried out with rabbit anti-calreticulin polyclonal 

antibody (Stressgen Bioreagents, SPA-600) at 1:1000 dilution, washed three times in 

TBST, followed by horse radish peroxidase conjugated anti rabbit antibody, 1:1000 

dilution at room temperature for 30 minutes. After three washes in TBST, nitrocellulose 

membrane was imaged using Lumigen – TMA6 (Amersham Biosciences) on imaging 

films (Kodak BioMax XAR film, 165 1454). The nitrocellulose membrane was stripped 

at room temperature for 1 hour and blocked overnight at 4°C with 5% milk in TBST. 

Primary incubation for beta arrestin was done with rabbit anti rat beta arrestin 1 c-

terminal antiserum (A1CT, courtesy Robert J. Lefkowitz) at 1:3000 dilution for 1 hour, 

washed three times in TBST, followed by secondary incubation with horse radish 

peroxidase conjugated anti rabbit 1:1000 for 30 minutes at room temperature. 

Following three washes in TBST, nitrocellulose membrane was imaged using Lumigen 

– TMA6 (Amersham Biosciences) on imaging films (Kodak BioMax XAR film, 165 

1454).  

6.3.7 Transfections  

R24 cells were split as described before and plated at 40-50% confluency: 

a. For immunocytochemistry, cells are plated in 1200 µl M10 in 35mm cell culture 

dishes containing cover slips coated with 1mg/ml poly-D Lysine.  

b.For FACS cells were plated in 1200 µl M10 in 35mm cell culture dishes. 

c. For calcium imaging assays, cells were plated in 1000 µl M10 in 35mm cell culture 

dishes with glass wells in the center.  
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For each kind of assay, 24-30 hours after plating, transfection was carried out 

using required amounts of DNA (see “Optimization” below). 2-3 µg of DNA was 

diluted in 125µl MEM, 5µl Lipofectamin + 125µl MEM added and incubated for 20 

minutes. After 20 minutes: 

a. For immunocytochemistry and FACS, DNA+ lipofectamine+ MEM mixture was 

diluted with 1000 µl M10. Plating medium was replaced with diluted DNA+ 

Lipofectamine 2000 + M10 mixture.  

b.For calcium imaging, DNA+ Lipofectamine+ MEM mixture was directly added to 

plating medium without dilution.  

6.3.8 Assays 

Double internal staining for calreticulin4 and olfr62 

NIH3T3 cells were split and plated in 10mm dishes containing glass cover slips 

coated with 1mg/ml of poly D lysine, at about 30% confluency. Cells were transfected 

24 hours after splitting and plating. Prior to transfection, DNA mix was prepared 

containing 800 ng calreticulin4 (cloned in pCI) and 800 ng of olfr62 (rho tagged) for 

each plate. Transfection was carried out using Lipofectamine 2000 and DMEM 

following the manufacturer’s protocol. 24 hours after transfection, cells were fixed by 

treatment with 75% ethanol and 25% acetic acid (by volume) on ice and washed twice 

with PBS. Blocking was carried out at room temperature for 1 hour in 5% milk. For 

double labeling, primary antibody incubation was done at room temperature with a 

mixture of rabbit anti calreticulin 4 and mouse anti rho (at 1/100 dilutions) antibodies in 

5% milk for an hour and cells were washed three times with PBS, 20 minutes each 
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wash; secondary incubation was carried out using a mixture of Cy3 conjugated donkey 

anti rabbit and  Alexa 488 conjugated anti mouse (at 1/200 dilutions) antibodies in 5% 

milk for 30 minutes at room temperature. For controls, primary incubation was carried 

out with either anti calreticulin-4 or anti rho antibodies while keeping the secondary 

antibody mixture the same.  Cover slips were washed again three times with PBS, 20 

minutes per wash and mounted with mowiol. 

Immunostaining of VNO sections  

Acetone powder was added to 5% milk, to concentration 1% (weight/volume) 

and mixed thoroughly. Primary anti-calreticulin4 antibody was added to 1/20 dilution 

and incubated with continuous rotation at 4°C for 30 minutes. The mixture was spinned 

and supernatant used for further work. Antigenic peptide added to a part of the primary 

antibody prepared above (0.01µg/ml) and incubated with continuous rotation for 30 

minutes at 4°C. Incubated solutions were used as final primary antibody solutions. 

Slides containing mouse VNO sections (stored at -20°C) were defrosted quickly using a 

hairdryer and fixed with a mixture of ethanol and acetic acid (3:1 by volume) for 1 

minute, washed twice in PBS and blocked with 5% milk for at least 1 hour. Primary 

antibody incubation carried out for 1 hour followed by three PBS washes, at least 10 

minutes each. Secondary antibody (Cy3 conjugated donkey anti rabbit), diluted (1:100 

by volume) in 5% milk incubated for 30 minutes, followed by three PBS washes at 

least 10 minutes each. Slides were mounted with mowiol.  
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Live cell surface staining 

After transfection cells were allowed to incubate at 37°C for required lengths of 

time (as described below). Live cell staining was carried out on a tray cooled on ice. 

The tray was lined with parafilm, on which the coverslips containing the cells to be 

stained were placed, cell side up. The coverslips were never allowed to dry off, and 

were therefore taken out of the media once all necessary solutions are made. Primary 

antibody (mouse anti rho 4D2) was diluted 1:100 in M10 containing sodium azide 

(15mM) and HEPES (10mM). 100µL of the primary solution was added to each cover 

slip and allowed to stand for 45-60 minutes. Cells were washed thrice in HBSS 

containing HEPES (10mM) and sodium azide (15mM). Secondary antibody solution 

(Cy3 conjugated anti mouse donkey antibody) was made in M10 containing sodium 

azide and HEPES again and each cover slip was incubated in 100 µL antibody solution 

for 30 minutes. Following three washes, cells were fixed by treatment with cold 4% 

paraformaldehyde for 15 minutes, and mounted with Mowiol. Cover slips were 

observed and photographed in. 

Internal staining for V2Rs and calreticulin 

HEK293T cells were split and seeded on glass cover slips at ~30% confluency. 

After 24 hours cells were transfected with V2R2 and V2Rp1. After 24 hours, cells were 

fixed with 4% paraformaldehyde on ice for 15 minutes. Blocking was carried out at 

room temperature for 1 hour with 5% milk in PBS. Primary incubation was carried out 

by adding 100µl 5% milk containing anti rho 4D2 (1:100) and anti calreticulin 

(Stressgen SPA-600, 1:500) incubating for 1 hour at room temperature. Cover slips 
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were washed with PBS three times, 10 minutes per wash. Secondary incubation was 

carried out by adding 100µl 5% milk containing Alexa 488 conjugated anti mouse 

(1:200) and Cy3 conjugated anti rabbit (1:200) antibodies, for 30 minutes at room 

temperature. Cover slips were washed with PBS three times, 10 minutes per wash, and 

mounted with Mowiol.   

Surface staining for V2R2 and internal staining for calreticulin 

R24 cells maintained at 5µg/ml puramycin containing PSF medium were split 

and seeded on poly D lysine coated cover slips as described before. Cells were 

transfected with V2R2 and allowed to incubate at 37ºC. After 24 hours, live cell surface 

staining was carried out as described before (anti mouse alexa was used for secondary 

at 1:200 dilution). Internal staining for calreticulin was carried out as described before.   

FACS assays 

Cells were gently washed with PBS, suspended in 1 ml Cellstripper and 

transferred to PS tubes. Culture dishes were washed with 1ml PBS/FBS/NaN3 and 

transferred to the PS tubes. To label cells for sorting, all antibody incubations were 

done on ice, spinning at 4ºC and all solutions used were kept on ice. After extracting 

cells, cells were spinned for 2 minutes, resuspended in 100 µl of primary antibody 

mixture (anti Rho 4D2 diluted 1:100 in PBS/FBS/NaN3) and incubated on ice for 30 

minutes. 2 ml PBS/FBS/NaN3 was added to each tube and cells spinned for 2 minutes. 

Cells were resuspended in 2 ml PBS/FBS/NaN3 spinned for 2 minutes to complete wash 

(optional). Cells were resuspended in 100 µl secondary antibody (anti mouse PE diluted 

1:100 in PBS/FBS/NaN3) and incubated for 30 minutes on ice.  2 ml PBS/FBS/NaN3 
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was added to each tube and cells spinned for 2 minutes. Cells were resuspended in 2 ml 

PBS/FBS/NaN3 spinned for 2 minutes to complete wash. 7-amino-actinomycin D (7-

AAD; Calbiochem), a fluorescent, cell-impermeant DNA binding agent that selectively 

stains dead cells, was added before flow cytometry to eliminate dead cells from 

analysis. The intensity of PE signal among the GFP-positive population was measured 

and plotted.  

Calcium imaging assays 

For calcium imaging, plasmid DNA was transfected using Lipofectamine 2000 

(Invitrogen) and incubated for 36-42 hours before loading calcium-sensitive dyes Fluo-

4 and Fura-red. Cells were loaded for 45min. We used Leica confocal microscope 

(excitation 488nm, emission 500-560nm for Fluo-4, 605-700nm for Fura-red) and the 

live imaging mode of Leica confocal software for data acquisition. Data was collected 

at 3s interval.  Cells were exposed to the constant flow of bath solution (Hank's buffer 

containing 10mM HEPES, 5mM glucose, Invitrogen).  Recombinant peptide solutions 

were applied to the cells for ~15s by changing the bath solution with a peristaltic pump 

(Rainin, Rabbit).  We randomly chose cells that are responsive to isoproterenol from 

the entire field of ~200 cells. The isoproterenol activates the endogenous β2-adrenergic 

receptors and is independent of V2R over expression, but dependent on Gα15 over 

expression. This was used to normalize results between experiments. The maximum 

response to each stimulus was averaged over all selected cells. Each response was 

normalized to the isoproterenol response. Results were compiled from three replicates.  

For dose response curves, peptides were applied in ~200 sec intervals of increasing 
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concentrations. The number of responding cells was recorded. Since partial 

desensitization may be observed after repetitive stimulations, we designated a 

responding cell as any cell that responds to the current stimulus or responding to a 

lower concentration. We then normalized the number of responding cells to each 

stimulus and to the total number of respondent cells.  Data analysis was done with 

Image J, Microsoft Excel, and GraphPad Prism.   

6.3.9 Optimizations 

For surface staining/FACS 

V2Rp1 (1000ng) + H2-M10.4 (800ng) + β2microglobulin (200ng) and V2R2 

(1000ng) were transfected in R24 cells and surface staining carried out at: 

a. 24 hours 

b.36 hours 

c. 48 hours 

V2R2 showed robust cell surface expression at 24 hours. V2Rp1 showed more 

cell surface expression at 36 hours and 48 hours than at 24 hours. For further assays, 36 

hour incubations were used. 

R24 cells were transfected with the receptor H2M10.4 complex in varying 

amounts and FACS assay carried out to examine which ratio gives the maximum 

surface expression. The optimized ratio found using FACS and used thereafter for all 

assays is as follows:  

1.V2Rp1 1000ng 

2.H2-M10.4 1200ng 
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3.β2 microglobulin 50ng.  

For calcium imaging 

R24 cells were split, plated and transfected with the V2Rp1 + H2-M10.4 + β2 

microglobulin. Various paramenters were optimized for as listed below: 

1.Hours of post transfection incubation: 

a. 24 hours 

b.36 hours 

c. 48 hours 

      24 hours incubation did not show as many cells responding as 36 hours and 

48 hours. 36 hours and 48 hours post transfection showed almost same number of cells 

responding.  

2.Ratio of receptor complex to Gα15 in transfection mixture: 

a. 2250ng of receptor complex + 200ng Gα15 

b.2025ng of receptor complex + 400ng Gα15 

c. 1625ng of receptor complex + 800ng Gα15 

d.825ng of receptor complex + 1600ng Gα15 

 Condition “b” worked better than the rest 

3.Calreticulin4:  

Addition of calreticulin4 did not improve response     

4.V2R2/ Vmn2R6:  

Addition of family C receptors did not improve response 
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5.Gα subunit: 

a. Gα15 

b.Gα-o 

c. Gα-o/15 chimera (C terminal 15 amino acids from Gα-o) 

Gα-o and Gα-o/15 chimera do not work at all. Isoproterenol response was also not seen.  

6.Accessory factors:  

a. Ric8a 

b.SrcRic8a 

Signals could not be enhanced with accessory factors. 

7.Transfection post splitting:  

Transfection worked best when carried out 24-30 hours after splitting and 

plating cells. During transfection, DNA + lipofectamine + media mixture added to the 

plate containing M10 from splitting and plating. To minimize loss of cells, replacement 

of media was avoided as much as possible.  

Optimized amounts of DNA used 

a. For immunocytochemistry: 

1.Vmn2R1/Vmn2R6 1000ng 

eGFP 50ng 

2.V2Rs (others) 1000ng 

H2Mv 1200ng 

β2microglobulin 50ng 

eGFP 50ng 
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b.For fluorescence assisted cell sorting: 

1.Vmn2R1/Vmn2R6 1500ng 

eGFP 10ng 

2.V2Rs (others) 1000ng 

H2M10.4 1200ng 

β2microglobulin 50ng 

eGFP 10ng 

3.Olfr62 (for calibration) 800ng 

RTP1S 200ng 

eGFP 10ng 

4.To compare the effects of different H2Ms and negative controls (RTP1S and Gαi) in 

R24, following transfection scheme was used: 

V2Rp1 1000ng 

H2M/control 1200ng 

β2microglobulin 50ng 

eGFP 10ng 

5.To assay the effect of addition of calreticulin, calreticulin4 and Gαi, these were added 

up to 10%, 20% and 40% of total transfection mixture and receptor mixtures were 

decreased proportionately.  V2Rp1 was co-expressed with H2M10.4.  

6.To assay the effect of addition of each calreticulin-calreticulin4 chimera and control 

(RTP1S) the following transfection scheme was used:  

V2Rp1 1000ng 
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H2M/control 1200ng 

β2microglobulin 50ng 

Chimera/control 200ng 

GFP 100ng 

c. For calcium imaging assays: 

V2Rs 900ng 

H2M10.4 1080ng 

β2microglobulin 45ng 

Gα15 400ng 

6.3.10 Purification of ESP peptides 

Storage and handling of bacteria   

E.coli strain BL21 (DE3) was purchased from Novagen. Upon arrival, bacteria 

were thawed on ice, divided into 5µL aliquots and stored in -80°C.  

Bacterial transformation 

pET-28a ESP constructs were used to transform 5 µl aliquots of E.Coli BL21 

(DE3) (Novagen) by incubating the bacteria with DNA in ice, heat shock for 45 

seconds at 40ºC, revived in SOB  for 40 minutes at 37ºC and plated on LB agar plates 

containing 50µg/mL Kanamycin. Plates were incubated overnight at 37ºC.  

Bacterial growth 

2XYT containing 50µg/mL Kanamycin was used as bacterial growth medium. 

One bacterial colony from each (ESP3, 5, 6) was inoculated in 4 ml starter culture and 

shaken at 250 rpm, 37°C till medium grew slightly cloudy (optical density of about 
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0.4). Starter culture was then inoculated into larger cultures containing 200mL – 

300mL media. Bacteria were allowed to grow with continuous monitoring of optical 

density every 20-30 minutes. When optical density of large culture reached 0.5 to 1.0, 

bacteria were induced with IPTG (200µL of 1M IPTG). Protein synthesis was allowed 

to continue for 1.5 – 2.5 hours by continuous shaking at 250 rpm, 37°C. For peptides 

relatively insoluble (ESP15, 36) when grown at 37°C, bacterial cultures were shaken 

post induction at 100-150 rpm, at room temperature.  

After induction, bacteria were spun and pellet stored at -80°C.  

Bacterial lysis 

Bacterial pellets were subjected to 3 cycles of freeze thawing at -80°C and room 

temperature to disrupt the bacterial cells. Pellets were resuspended in 2mL lysis buffer 

and subjected to sonication (10 seconds, 5 times) on ice to disrupt the cells as 

completely as possible. After sonication the consistency of the mixture changed to more 

homogeneous.  

The lysed mixtures were allowed to incubate with continuous rotation at 4°C for 

1-2 hours, to allow all the peptides to go into solution. .  

Preparation of Ni-NTA beads  

While   the lysis mixture incubates at 4°C, the Ni-NTA beads were prepared for 

binding. 400µL of the 50% Ni-NTA slurry (per peptide) was pipeted out in a 2 mL tube 

and washed with lysis buffer and drained. 200µL of lysis buffer was added and the 

beads were equilibrated with the lysis buffer by incubation at 4°C with continuous 

rotation.  
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Peptide binding to Ni-NTA beads 

At the end of incubation, the lysis mixtures were spinned at high for 3 minutes 

and the supernatant was used for further purification. 400 µL of 50% bead slurry was 

added to each of the supernatants and binding was allowed by allowing incubating with 

continuous rotation at 4°C for 1.5 to 2 hours. At the end of binding, the mixtures were 

spinned again to settle the beads. Supernatants were removed and stored for western.  

Washing of Ni-NTA beads  

1 mL wash solution was added to 400µL of beads and washed with continuous 

rotation at 4°C for 15 minutes. Washing was repeated two more times. Wash solution 

was also kept aside for western blotting.  

Elution of peptides  

Peptides were eluted from the beads by addition of freshly prepared elution 

solution. The minimum volume of elution solution was never less than the volume of 

50% slurry used (400µL, in this case). After addition of elution solution, the mixture is 

allowed to rotate at 4°C for 10 minutes, spinned and supernatant containing peptide is 

stored. This is repeated 4-5 times to get a total volume of 2.0-2.5 mL peptide in elution 

solution.  

Gel analysis 

To assess the purity of peptides purified 15% polyacrylamide gels were cast and 

assayed with either Coomassie blue staining or Western blot. 
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Dialysis 

Peptides were further purified by overnight dialysis against Ringers solution in 

snake skin dialysis tubing (Thermo Scientific, # 68035) bags at 4°C.  

6.3.11 Data analysis and interpretation 

Surface/ internal staining 

Pictures taken in (Fans lab) were opened in Photoshop CS and adjusted for 

brightness/contrast to the same extent for all photos. 

FACS 

The intensity of PE signal among the GFP-positive population was measured 

and plotted.  

Overlays were created using CellQuest software. Percentages of labeled cells 

were calculated where negative control showed ~1% labeling.  

Calcium imaging assays 

Calcium imaging assays were carried out in triplicates for each set up. Cells 

responding to any application were selected on the following criteria: 

1. Response must have appeared within 90 seconds of application. 

2. Any response that appeared before the application reached the dish or after 90 

seconds of reaching was taken as non specific response.  

3. The cell must have shown an increase in the Fluo-4 intensity and a concomitant 

decrease in the Fura Red signal; ratio of Fluo-4 to Fura red signals must have exceeded 

50% of the base line.  
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4. Any cell that responded non specifically was not counted even if it responded within 

90 seconds of application. 

5.For dosage responses, a cell that responded to a lower concentration and did not 

respond to a higher concentration was counted in the latter considering desensitization 

may have happened from the earlier application.  

6.Cells must also have responded positively to isoproterenol application.  

Based on the above criteria, positively responding cells at each application were 

counted, percentage taken over total number of cells showing response to isoproterenol, 

repeated in triplicates and standard error calculated in MS Excel. For dosage response, 

the data were plotted in GraphPad Prism.  
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Chapter 7 : Supplementary materials  

7.1 List of mouse functional orthologs, pseudogenized in 
humans 

Mouse functional ortholog Function 

1. Phosphoglycerate mutase 1 

catalytic activity; hydrolase activity; 
intramolecular transferase activity; 
phosphotransferase; isomerase activity; 
phosphoglycerate mutase activity 

2. Ribosomal protein S24 
isoform 2 Ribosomal 
3. Hypothetical protein 
XP_514734 Unknown 

4. High mobility group box 1 
DNA binding; heparin binding; nitric oxide synthase 
regulator activity; protein binding 

5. Similar to Calr1 protein Unknown 
6. Calcium activated chloride 
channel 

Intracellular calcium activated chloride channel 
activity 

7. GAJ protein Protein binding 
8. Netrin G1 precursor 
(Laminet-1)  
9. Solute carrier family 25 
member 24  
10. Chymosin precursor  
11. Ribosomal protein L13A  
12. Nuclear receptor 
subfamily 1 

DNA binding; metal ion binding; receptor activity; 
zinc ion binding 

13. Similar to flavin 
containing monooxygenase 5  
14. Flavin-containing 
monooxygenase 13  
15. Ngg1 interacting factor 3-
like 1  
16. beta-1,4-N-
acetylglucosaminyltransferase 
1 Transferase activity 
17. GABA(A) receptor-
associated protein  Microtubule binding, protein binding 
18. Similar to CG9413-PA, 
isoform A  
19. Neucleoside diphosphate 
kinase 2 

ATP binding; kinase activity; magnisium binding; 
metal ion binding; neucleoside diphosphate kinase 
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activity; nucleotide binding; transferase activity 
20. 5-hydroxytryptamine 
receptor GPCR activity; signal transducer activity 
21. Male serility domain 
containing 1 long chain fatty acyl co A reductase activity 
22. hypothetical protein Unknown 
23. Nedd4 WW domain-
binding protein 2 metal ion binding; protein binding 
24. Transcription factor E2F-
3 

DNA binding; protein binding; transcription factor 
activity; transcriptional activator activity 

25. Aldehyde oxidase 
structural homolog 2 

metal ion binding; aldehyde oxidase activity; electron 
carrier activity 

26. SMAD, mothers against 
DPP homolog 6 Unknown 
27. Similar to actin like 
protein-7B 

protein binding; structural constituent of 
cytoskeleton; structural molecule activity 

28. Similar to FAT tumor 
suppressor homolog 1  
29. Heterogeneous nuclear 
ribonucleoprotein A1 isoform Ribosome 
30. Similar to serotransferrin 
precursor  

31. Acyl-CoA synthetase 
catalytic activity; ligase activity; magnisium ion 
binding 

32. Sulfotransferase family 
1D, member 1 

aryl sulfotransferase activity; transferase 
activitytyrosine ester transferase activity 

33. EGF-like domain, 
multiple 3 isoform 4  

34. Airway trypsin-like 5 
hydrolase activity; peptidase activity; serine type 
endopeptidase 

35. UDP glycosyltransferase 
2 family polypeptide  Transferase activity 
36. Similar to centrin 4  
37. Similar to nose resistant 
to fluoxetine family member  
38. Survival of motor neuron 
2, centromeric, isoform Nucleic acid binding; RNA binding 
39. LOC66763metal ion 
binding; nucleotide binding  
40. Pre-B-cell colony 
enhancing factor 1 homolog Transferase activity 
41. Olfactory receptor 54 GPCR activity; signal transducer activity 
42. Ubiquinol-cytochrome C Metal ion binding; reductase activity 
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reductase  
43. Heterogeneous nuclear ribonucleoprotein A3 isoform 2  
44. Glutathione S-transferase, 
alpha 4 Transferase activity 
45. Similar to platelet 
glycoprotein V precursor   
46. Whey acidic protein Endopeptidase inhibitor activity 
47. Similar to fat tumor 
suppressor homolog  
48. EF hand calcium binding 
domain 1  
49. XP_515588 metal ion binding 
50. Nucleophosmin 1  
51. EMG1 nuclear protein 
homolog translation elongation factor activity 
52. Cationic trypsinogen  
53. LOC366872  
54. Similar to plasma 
kallikrein precursor   
55. L-gulonolactone oxidase oxido-reductase activity 
56. Disintegrin and 
metalloprotease domain 5 peptidase activity 
57. MGC89963 protein  
58. Testis specific serine 
kinase 5 Transferase activity 
59. XP_575805  
60. RAB28, member of RAS 
oncogene family Nucleotide binding activity 
61. Amino acid N 
acyltransferase isoform 1 Transferase activity 
62. Alpha-1,3-
galactosyltransferase  Metal ion binding; transferase activity 

63. LIM homeobox protein 
DNA binding; metal ion binding; transcription factor 
activity 

64. Aldo-keto reductase 
family 1, member C3 Estradiaol 17-beta-dehydrogenase activity 
65. Poly(A) binding protein, 
cytoplasmic 1 Nucleic acid binding 
66. Cytochrome P450 2C33  
67. Guanylate cyclase 2g  
68. Transient receptor 
potential channel 2 isoform 1 Channel activity 
69. Guanylate cyclase,  
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olfactory 
70. Caspase 1 isoform alpha peptidase activity; protein binding 
71. hypothetical protein 
XP_001071282.1  
72. Huntingtin- interacting 
protein-1 interactor Protein binding 
73. Hypothetical protein 
XP_001083772  
74. Cytochrome c, somatic metal ion binding 
75. HIV-1 rev binding protein 
2 RNA binding 
76. LOC381693  

77. DEAD-box protein 6 
ATP binding; helicase activity; hydrolase activity; 
nucleic acid binding 

78. XP_849648  
79. Dehydrogenase/ reductase 
member 2  
80. Testis expressed gene 21  
81. Adiponectin receptor 1 
isoform 7,6,5,4,3  
82. Y-Box protein ZONAB-A Nucleic acid binding; protein binding 
83. AFG3 (ATPase family 
gene proteolysis 
84. LOC616168 cell adhesion 
85. LOC69324 isoform 3  
86. hypothetical protein  
87. P450-OLF1  
88. Hypothetical protein DNA unwinding during replication 
89. similar to 
immunoglobulin omega chain 
precursor  
90. Similar to glutathione S-
transferase, theta 3 glutathione metabolism 
91. Similar to interferon 
regulatory factor 5  
92. Connector enhancer of 
kinase suppressor of Ras 2  
93. Expressed antigen in 
melanoma-like 3  
94. 60S ribosomal protein 
L22  

95. Cofilin-1 
actin filament organization; cell motility; 
establishment of cell polarity; neural fold formation 
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96. Olfactory receptor Olr390 GPCR activity; signal transducer activity 
97. 40S ribosomal protein  
98. Cytochrome C regulation of apoptosis; transport 
99. Ribosomal protein S10 Structural constituent of ribosome 
100. Mus receptor 420 GPCR activity; signal transducer activity 
101. Olfactory receptor 1406 GPCR activity; signal transducer activity 
102. flavin containing 
monoxygenase 5  
103. fmo3 protein  
104. 60S ribosomal protein 
L7a  
105. Testicular serine 
protease 2 Protease 
106. Voltage gated sodium 
channel type II alpha  
107. 60S ribosomal protein 
L21  
108. H3 histone, family 3B  
109. Breast carcinoma 
amplified sequence 3  
110. Hormonally upregulated 
Neu-associated kinase RNA processing; transport 
111. Olfactory receptor 198 GPCR activity; signal transducer activity 
112. UDP glycosyltransferase 
2 family  
113. UDP-
glucuronosyltransferase   
114. Alpha-fetoprotein  
115. Alcohol dehydrogenase 
ADH-F 

alcohol dehydrogenase activity; metal ion binding 
activity; oxidoreductase activity 

116. Glyceraldehyde-3-
phosphate dehydrogenase  
117. Ribosomal protein L31 Structural constituent of ribosome 
118. 40S ribosomal protein 
S3a Structural constituent of ribosome 
119. Protocadherin gamma 
subfamily B Calcium ion binding 
120. Histone H2A.1  
121. Vomeronasal 1 receptor 
L4 GPCR activity; signal transducer activity 
122. Olfactory receptor 1362 GPCR activity; signal transducer activity 
123. Olfactory receptor 1368 GPCR activity; signal transducer activity 
124. Olfactory receptor 124 GPCR activity; signal transducer activity 
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125. Ribosomal protein L35a Structural constituent of ribosome 
126. Ribosomal protein S12 Structural constituent of ribosome 
127. CG11212-PA isoform 3  
128. Coiled-coil-helix domain 
containing protein 2  
129. Ribosomal protein L31 Structural constituent of ribosome 
130. Olfactory receptor 461 GPCR activity; signal transducer activity 
131. Olfactory receptor 437 GPCR activity; signal transducer activity 
132. Ribosomal protein L7a Structural constituent of ribosome 
133. Putative pheromone 
receptor GPCR activity; signal transducer activity 
134. Seven membrane helix 
receptor GPCR activity; signal transducer activity 
135. Olfactory receptor 553 GPCR activity; signal transducer activity 
136. Olfactory receptor 564 GPCR activity; signal transducer activity 
137. Olfactory receptor Olr56 GPCR activity; signal transducer activity 
138. Olfactory receptor 
MOR8-3 GPCR activity; signal transducer activity 
139. Olfactory receptor 575 GPCR activity; signal transducer activity 
140. Olfactory receptor 
MOR8-2 GPCR activity; signal transducer activity 
141. Olfactory receptor Olr84 GPCR activity; signal transducer activity 
142. Olfactory receptor 65 GPCR activity; signal transducer activity 
143. Olfactory receptor 
Olr149 GPCR activity; signal transducer activity 
144. Olfactory receptor 52N2 GPCR activity; signal transducer activity 
145. Olfactory receptor 
Olr185 GPCR activity; signal transducer activity 
146. Olfactory receptor 690 GPCR activity; signal transducer activity 
147. Ribosomal protein L21  Structural constituent of ribosome 
148. Olfactory receptor 481 GPCR activity; signal transducer activity 
149. Olfactory receptor 491 GPCR activity; signal transducer activity 
150. Olfactory receptor 1258 GPCR activity; signal transducer activity 
151. Olfactory receptor 
Olr701 GPCR activity; signal transducer activity 
152. Olfactory receptor 
Olr721 GPCR activity; signal transducer activity 
153. Olfactory receptor 1260 GPCR activity; signal transducer activity 
154. Olfactory receptor 1231 GPCR activity; signal transducer activity 
155. Olfactory receptor 
Olr577 GPCR activity; signal transducer activity 
156. Olfactory receptor 
MOR186-1 GPCR activity; signal transducer activity 
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157. Olfactory receptor 1039 GPCR activity; signal transducer activity 
158. Olfactory receptor 
Olr468 GPCR activity; signal transducer activity 
159. Olfactory receptor 
Olr455 GPCR activity; signal transducer activity 
160. Olfactory receptor 
OR98Ch GPCR activity; signal transducer activity 
161. Olfactory receptor 1002 GPCR activity; signal transducer activity 
162. Olfactory receptor 
Olr446 GPCR activity; signal transducer activity 
163. Olfactory receptor 
Olr436 GPCR activity; signal transducer activity 
164. Olfactory receptor 
Olr367 GPCR activity; signal transducer activity 
165. Olfactory receptor1440 GPCR activity; signal transducer activity 
166. Olfactory receptor 4D9 GPCR activity; signal transducer activity 
167. Olfactory receptor 1418 GPCR activity; signal transducer activity 
168. Solute carrier family 22 
member 6  
169. Olfactory receptor Olr37 GPCR activity; signal transducer activity 
170. Ribosomal protein L7a Structural constituent of ribosome 
171. Ribosomal protein S6 Structural constituent of ribosome 
172. Olfactory receptor 975 GPCR activity; signal transducer activity 
173. Olfactory receptor 
Olr1308 GPCR activity; signal transducer activity 
174. Olfactory receptor 
Olr1307 GPCR activity; signal transducer activity 
175. Olfactory receptor 
Olr1222 GPCR activity; signal transducer activity 
176. Olfactory receptor 
Olr1200 GPCR activity; signal transducer activity 
177. Bitter taste receptor 
Modo-T2R25  
178. Tubulin beta-5 Structural constituent of cytoskeleton 
179. Tubulin alpha-1 Structural constituent of cytoskeleton 
180. Olfactory receptor 810  GPCR activity; signal transducer activity 
181. Olfactory receptor 784 GPCR activity; signal transducer activity 
182. Olfactory receptor 774 GPCR activity; signal transducer activity 
183. Olfactory receptor 
Olr932 GPCR activity; signal transducer activity 
184. Olfactory receptor 798 GPCR activity; signal transducer activity 
185. Olfactory receptor 768 GPCR activity; signal transducer activity 
186. Apolipoprotein F  
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precursor 
187. 60S ribosomal protein 
L21 Structural constituent of ribosome 
188. 40S ribosomal protein 
S6 Structural constituent of ribosome 
189. 40S ribosomal protein 
S6 isoform 1 Structural constituent of ribosome 
190. Olfactory receptor 
Olr784 GPCR activity; signal transducer activity 
191. Olfactory receptor 1609 GPCR activity; signal transducer activity 
192. Olfactory receptor Olr 
1644, similar to GPCR activity; signal transducer activity 
193. T-cell receptor alpha 
chainV region CTL-L17  
194. Actin, cytoplasmic 2 Structural constituent of cytoskeleton 
195. Dual oxidase 1 Oxido-reductase activity 
196. Ribosomal protein L31 
isoform 1 Structural constituent of ribosome 
197. Implantation serine 
proteinase 2 Protease activity 
198. Protease, serine, 34 Protease activity 
199. ATP-binding cassette, 
sub-family A  
200. 40S ribosomal protein 
S2 Structural constituent of ribosome 
201. Ribosomal protein S2 Structural constituent of ribosome 
202. Olfactory receptor 873 GPCR activity; signal transducer activity 
203. Seven transmembrane 
helix receptor GPCR activity; signal transducer activity 
204. Olfactory receptor 
Olr1192 GPCR activity; signal transducer activity 
205. Tropomyosin Actin binding 
206. Galactoside-2-alpha-L-
fucosyltransferase Fucosyltransferase activity 
207. CEA-related cell 
adhesion molecule 1  
208. Immunoglobulin iota 
chain preproprotein  
209. Glutathione-S-
transferase theta 1 Transferase activity 
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7.2 Sequences 

7.2.1 Calreticulin4 

Nucleotide sequence of calreticulin4 cloned from VNO cDNA based on RACE 

PCR results  

ATGAGGAGCCTGTCGCTGCTGCCTCTGCTGCTACTGACCTCCTGCACCTTCA

GGACGCAGGGGAAGAGACGGCAAGTCTACTTCCGGGAGGAGTTTGAAGAT

GGGGATGGATGGACAAAACGGTGGGTACAATCTAAACATCAGTCAGATTA

CGGCCAATTCCAGCTAGCCTCGGGAAAATTTTATCAAGATAAAGAGAGAG

ATAAAGGTCTCCAGACCACAGAAGATGCCAAGTTCTACGCCCTTTCCACCA

GGTTTAAGCCATTCAGCAATGAGAATGAGACCTTGGTGGTTCAGTTTTCAG

TAAAACACGAGCAAGGCATCGATTGCGGCGGTGGCTACGTGAAACTCTTTC

CTGCCGCACTGAACCAGGAGGACATGCACTCAGAATCCCAGTATTACATCA

TGTTCGGCCCGGACATCTGTGGCTTTGGCAACAACAGACTACAGGTCATCC

TTTCTCACAAAGGGAAATACCATGAGAACAACAAGACCCTCAAGTGCAGG

ATTAATAAAGACACTCACCTGTACACTCTGATCCTTCGCCCTAATGCTACTT

ATGAGGTTAAAATTGACAACCAGAAGGTGACAAGTGGAGGACTGGAAGAT

GACTGGGACTTCTTGCCTCCCAAGAAAATAAAAGACCCCTACGCCAGGAAA

CCAAGGAAATGGGATGAACGACAACAGATAGAGGATCCTGACGATAAGAA

ACCTGAGGACTGGGAGGACTCTGAATTCATCCCAGACCCGGATGCCAAGAA

GCCAGATGACTGGAATGAGGCGATGGATGGAGTGTGGGAAGGGCCCTTGA

TACCAAACGTCAAGTACATGGGAGAATGGAAACCTCGGATCATTGACAACC

CCAATTACCAGGGCGAGTGGATTCACCCAGAGATAGACAACCCCAAAT 
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ACAGGCCTGACCCCACCATTGGTCACTATCACAACATTAGTGTCCTTGGTCT

GGATCTTTGGCAGGTGAAATCAGGCAGCATCTTTGACAATTTCCTTCTAACA

AATGATGAAGAGTTTGCTGAAGAGGTTGGAAATATGACCTGGGGATTAAGA

AAGGATGTGGAGCAGCAGTGGAGAGAGCTGTATGAGGAAATGGAGAAACA

GAAGGAGGCGGAGGAGACCAAGAAGAAGAGGGAAAAGGAGAGAGCCAGG

CAAGAGGACGTCTGGGGACTAGATGAGGAGGATGAGGAGGACGCTGAAGA

GGACGACGAGGAGGAAGCAGAGGAAAGGCTCAAGCAGGAAGGCAGTGCA

GCGAGGGCGTCTCTGGACCAGAAGGAAGCCCACTTGGATCAGAAGGATGA

ACTGTAA 

Predicted protein sequence  

MRSLSLLPLLLLTSCTFRTQGKRRQVYFREEFEDGDGWTKRWVQSKHQSDYG

QFQLASGKFYQDKERDKGLQTTEDAKFYALSTRFKPFSNENETLVVQFSVKHE

QGIDCGGGYVKLFPAALNQEDMHSESQYYIMFGPDICGFGNNRLQVILSHKGK

YHENNKTLKCRINKDTHLYTLILRPNATYEVKIDNQKVTSGGLEDDWDFLPPK

KIKDPYARKPRKWDERQQIEDPDDKKPEDWEDSEFIPDPDAKKPDDWNEAMD

GVWEGPLIPNVKYMGEWKPRIIDNPNYQGEWIHPEIDNPKYRPDPTIGHYHNIS

VLGLDLWQVKSGSIFDNFLLTNDEEFAEEVGNMTWGLRKDVEQQWRELYEE

MEKQKEAEETKKKREKERARQEDVWGLDEEDEEDAEEDDEEEAEERLKQEGS

AARASLDQKEAHLDQKDEL 

7.2.2 Calreticulin-calreticulin4 chimeric constructs 

Calreticulin4 sequences are denoted in red, calreticulin sequences are denoted in black, 

N domain is bold and underlined, C domain is underlined. 
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Chimera 1 

ATGAGGAGCCTGTCGCTGCTGCCTCTGCTGCTACTGACCTCCTGCACC

TTCAGGACGCAGGGGAAGAGACGGCAAGTCTACTTCCGGGAGGAGTTT

GAAGATGGGGATGGATGGACAAAACGGTGGGTACAATCTAAACATCAG

TCAGATTACGGCCAATTCCAGCTAGCCTCGGGAAAATTTTATCAAGATA

AAGAGAGAGATAAAGGTCTCCAGACCACAGAAGATGCCAAGTTCTACG

CCCTTTCCACCAGGTTTAAGCCATTCAGCAATGAGAATGAGACCTTGGT

GGTTCAGTTTTCAGTAAAACACGAGCAAGGCATCGATTGCGGCGGTGG

CTACGTGAAACTCTTTCCTGCCGCACTGAACCAGGAGGACATGCACTC

AGAATCCCAGTATTACATCATGTTCGGCCCGGACATCTGTGGCTTTGG

CAACAACAGACTACAGGTCATCCTTTCTCACAAAGGGAAATACCATGA

GAACAACAAGACCCTCAAGTGCAGGATTAATAAAGACACTCACCTGTA

CACTCTGATCCTTCGCCCTAATGCTACTTATGAGGTTAAAATTGACAAC

AGCCAGGTGGAGTCCGGCTCCTTGGAAGACGATTGGGACTTCCTGCCACCC

AAGAAGATAAAGGATCCTGATGCTTCAAAACCGGAAGACTGGGATGAGCG

GGCCAAGATCGATGATCCCACAGACTCCAAGCCTGAGGACTGGGACAAGC

CCGAGCATATCCCTGACCCTGATGCTAAGAAGCCCGAGGACTGGGATGAAG

AGATGGACGGAGAGTGGGAACCCCCAGTGATTCAGAACCCTGAGTACAAG

GGTGAGTGGAAGCCCCGGCAGATCGACAACCCAGATTACAAGGGCACTTG

GATCCACCCAGAAATTGACAACCCCGAGTATTCTCCCGATCCCAGTATCTAT

GCCTATGATAACTTTGGCGTGCTGGGCCTGGACCTCTGGCAGGTCAAGTCT

GGCACCATCTTTGACAACTTCCTCATCACCAACGATGAGGCATACGCTGAG
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GAGTTTGGCAACGAGACGTGGGGCGTAACAAAGGCAGCAGAGAAACAAAT

GAAGGACAAACAGGACGAGGAGCAGAGGCTTAAGGAGGAGGAAGAAGAC

AAGAAACGCAAAGAGGAGGAGGAGGCAGAGGACAAGGAGGATGATGAGG

ACAAAGATGAGGATGAGGAGGA 

Chimera 2  

TGAGGAGGACAAGGAGGAAGATGAGGAGGAAGATGTCCCCGGCCAGGCCA

AGGACGAGCTGTAG 

ATGCTGCTATCCGTGCCGCTGCTGCTCGGCCTCCTCGGCCTGGCCGTC

GCCGAGCCCGCCGTCTACTTCAAGGAGCAGTTTCTGGACGGAGACGGG

TGGACTTCCCGCTGGATCGAATCCAAACACAAGTCAGATTTTGGCAAA

TTCGTTCTCAGTTCCGGCAAGTTCTACGGTGACGAGGAGAAAGATAAA

GGTTTGCAGACAAGCCAGGATGCACGCTTTTATGCTCTGTCGGCCAGT

TTCGAGCCTTTCAGCAACAAAGGCCAGACGCTGGTGGTGCAGTTCACG

GTGAAACATGAGCAGAACATCGACTGTGGGGGCGGCTATGTGAAGCTG

TTTCCTAATAGTTTGGACCAGACAGACATGCACGGAGACTCAGAATAC

AACATCATGTTTGGTCCCGACATCTGTGGCCCTGGCACCAAGAAGGTT

CATGTCATCTTCAACTACAAGGGCAAGAACGTGCTGATCAACAAGGAC

ATCCGTTGCAAGGATGATGAGTTTACACACCTGTACACACTGATTGTGC

GGCCAGACAACACCTATGAGGTGAAGATTGACAACCAGAAGGTGACAA

GTGGAGGACTGGAAGATGACTGGGACTTCTTGCCTCCCAAGAAAATAA

AAGACCCCTACGCCAGGAAACCAAGGAAATGGGATGAACGACAACAGA

TAGAGGATCCTGACGATAAGAAACCTGAGGACTGGGAGGACTCTGAAT
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TCATCCCAGACCCGGATGCCAAGAAGCCAGATGACTGGAATGAGGCGA

TGGATGGAGTGTGGGAAGGGCCCTTGATACCAAACGTCAAGTACATGG

GAGAATGGAAACCTCGGATCATTGACAACCCCAATTACCAGGGCGAGT

GGATTCACCCAGAGATAGACAACCCCAAATACAGGCCTGACCCCAGTAT

CTATGCCTATGATAACTTTGGCGTGCTGGGCCTGGACCTCTGGCAGGTCAA

GTCTGGCACCATCTTTGACAACTTCCTCATCACCAACGATGAGGCATACGCT

GAGGAGTTTGGCAACGAGACGTGGGGCGTAACAAAGGCAGCAGAGAAACA

AATGAAGGACAAACAGGACGAGGAGCAGAGGCTTAAGGAGGAGGAAGAA

GACAAGAAACGCAAAGAGGAGGAGGAGGCAGAGGACAAGGAGGATGATG

AGGACAAAGATGAGGATGAGGAGGA 

Chimera 3 

TGAGGAGGACAAGGAGGAAGATGAGGAGGAAGATGTCCCCGGCCAGGCCA

AGGACGAGCTGTAG 

ATGCTGCTATCCGTGCCGCTGCTGCTCGGCCTCCTCGGCCTGGCCGTC

GCCGAGCCCGCCGTCTACTTCAAGGAGCAGTTTCTGGACGGAGACGGG

TGGACTTCCCGCTGGATCGAATCCAAACACAAGTCAGATTTTGGCAAA

TTCGTTCTCAGTTCCGGCAAGTTCTACGGTGACGAGGAGAAAGATAAA

GGTTTGCAGACAAGCCAGGATGCACGCTTTTATGCTCTGTCGGCCAGT

TTCGAGCCTTTCAGCAACAAAGGCCAGACGCTGGTGGTGCAGTTCACG

GTGAAACATGAGCAGAACATCGACTGTGGGGGCGGCTATGTGAAGCTG

TTTCCTAATAGTTTGGACCAGACAGACATGCACGGAGACTCAGAATAC

AACATCATGTTTGGTCCCGACATCTGTGGCCCTGGCACCAAGAAGGTT
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CATGTCATCTTCAACTACAAGGGCAAGAACGTGCTGATCAACAAGGAC

ATCCGTTGCAAGGATGATGAGTTTACACACCTGTACACACTGATTGTGC

GGCCAGACAACACCTATGAGGTGAAGATTGACAACAGCCAGGTGGAGTC

CGGCTCCTTGGAAGACGATTGGGACTTCCTGCCACCCAAGAAGATAAAGGA

TCCTGATGCTTCAAAACCGGAAGACTGGGATGAGCGGGCCAAGATCGATGA

TCCCACAGACTCCAAGCCTGAGGACTGGGACAAGCCCGAGCATATCCCTGA

CCCTGATGCTAAGAAGCCCGAGGACTGGGATGAAGAGATGGACGGAGAGT

GGGAACCCCCAGTGATTCAGAACCCTGAGTACAAGGGTGAGTGGAAGCCC

CGGCAGATCGACAACCCAGATTACAAGGGCACTTGGATCCACCCAGAAATT

GACAACCCCGAGTATTCTCCCGAT

Chimera 4 

CCCACCATTGGTCACTATCACAACAT

TAGTGTCCTTGGTCTGGATCTTTGGCAGGTGAAATCAGGCAGCATCTTT

GACAATTTCCTTCTAACAAATGATGAAGAGTTTGCTGAAGAGGTTGGA

AATATGACCTGGGGATTAAGAAAGGATGTGGAGCAGCAGTGGAGAGA

GCTGTATGAGGAAATGGAGAAACAGAAGGAGGCGGAGGAGACCAAGA

AGAAGAGGGAAAAGGAGAGAGCCAGGCAAGAGGACGTCTGGGGACTA

GATGAGGAGGATGAGGAGGACGCTGAAGAGGACGACGAGGAGGAAGC

AGAGGAAAGGCTCAAGCAGGAAGGCAGTGCAGCGAGGGCGTCTCTGG

ACCAGAAGGAAGCCCACTTGGATCAGAAGGATGAACTGTAA 

ATGAGGAGCCTGTCGCTGCTGCCTCTGCTGCTACTGACCTCCTGCACC

TTCAGGACGCAGGGGAAGAGACGGCAAGTCTACTTCCGGGAGGAGTTT

GAAGATGGGGATGGATGGACAAAACGGTGGGTACAATCTAAACATCAG
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TCAGATTACGGCCAATTCCAGCTAGCCTCGGGAAAATTTTATCAAGATA

AAGAGAGAGATAAAGGTCTCCAGACCACAGAAGATGCCAAGTTCTACG

CCCTTTCCACCAGGTTTAAGCCATTCAGCAATGAGAATGAGACCTTGGT

GGTTCAGTTTTCAGTAAAACACGAGCAAGGCATCGATTGCGGCGGTGG

CTACGTGAAACTCTTTCCTGCCGCACTGAACCAGGAGGACATGCACTC

AGAATCCCAGTATTACATCATGTTCGGCCCGGACATCTGTGGCTTTGG

CAACAACAGACTACAGGTCATCCTTTCTCACAAAGGGAAATACCATGA

GAACAACAAGACCCTCAAGTGCAGGATTAATAAAGACACTCACCTGTA

CACTCTGATCCTTCGCCCTAATGCTACTTATGAGGTTAAAATTGACAAC

CAGAAGGTGACAAGTGGAGGACTGGAAGATGACTGGGACTTCTTGCCT

CCCAAGAAAATAAAAGACCCCTACGCCAGGAAACCAAGGAAATGGGAT

GAACGACAACAGATAGAGGATCCTGACGATAAGAAACCTGAGGACTGG

GAGGACTCTGAATTCATCCCAGACCCGGATGCCAAGAAGCCAGATGAC

TGGAATGAGGCGATGGATGGAGTGTGGGAAGGGCCCTTGATACCAAAC

GTCAAGTACATGGGAGAATGGAAACCTCGGATCATTGACAACCCCAAT

TACCAGGGCGAGTGGATTCACCCAGAGATAGACAACCCCAAATACAGG

CCTGACCCCAGTATCTATGCCTATGATAACTTTGGCGTGCTGGGCCTGGAC

CTCTGGCAGGTCAAGTCTGGCACCATCTTTGACAACTTCCTCATCACCAACG

ATGAGGCATACGCTGAGGAGTTTGGCAACGAGACGTGGGGCGTAACAAAG

GCAGCAGAGAAACAAATGAAGGACAAACAGGACGAGGAGCAGAGGCTTA

AGGAGGAGGAAGAAGACAAGAAACGCAAAGAGGAGGAGGAGGCAGAGGA

CAAGGAGGATGATGAGGACAAAGATGAGGATGAGGAGGATGAGGAGGAC
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AAGGAGGAAGATGAGGAGGAAGATGTCCCCGGCCAGGCCAAGGACGAGCT

GTAG 

Chimera 5 

ATGCTGCTATCCGTGCCGCTGCTGCTCGGCCTCCTCGGCCTGGCCGTC

GCCGAGCCCGCCGTCTACTTCAAGGAGCAGTTTCTGGACGGAGACGGG

TGGACTTCCCGCTGGATCGAATCCAAACACAAGTCAGATTTTGGCAAA

TTCGTTCTCAGTTCCGGCAAGTTCTACGGTGACGAGGAGAAAGATAAA

GGTTTGCAGACAAGCCAGGATGCACGCTTTTATGCTCTGTCGGCCAGT

TTCGAGCCTTTCAGCAACAAAGGCCAGACGCTGGTGGTGCAGTTCACG

GTGAAACATGAGCAGAACATCGACTGTGGGGGCGGCTATGTGAAGCTG

TTTCCTAATAGTTTGGACCAGACAGACATGCACGGAGACTCAGAATAC

AACATCATGTTTGGTCCCGACATCTGTGGCCCTGGCACCAAGAAGGTT

CATGTCATCTTCAACTACAAGGGCAAGAACGTGCTGATCAACAAGGAC

ATCCGTTGCAAGGATGATGAGTTTACACACCTGTACACACTGATTGTGC

GGCCAGACAACACCTATGAGGTGAAGATTGACAACCAGAAGGTGACAA

GTGGAGGACTGGAAGATGACTGGGACTTCTTGCCTCCCAAGAAAATAA

AAGACCCCTACGCCAGGAAACCAAGGAAATGGGATGAACGACAACAGA

TAGAGGATCCTGACGATAAGAAACCTGAGGACTGGGAGGACTCTGAAT

TCATCCCAGACCCGGATGCCAAGAAGCCAGATGACTGGAATGAGGCGA

TGGATGGAGTGTGGGAAGGGCCCTTGATACCAAACGTCAAGTACATGG

GAGAATGGAAACCTCGGATCATTGACAACCCCAATTACCAGGGCGAGT

GGATTCACCCAGAGATAGACAACCCCAAATACAGGCCTGACCCCACCA
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TTGGTCACTATCACAACATTAGTGTCCTTGGTCTGGATCTTTGGCAGGT

GAAATCAGGCAGCATCTTTGACAATTTCCTTCTAACAAATGATGAAGAG

TTTGCTGAAGAGGTTGGAAATATGACCTGGGGATTAAGAAAGGATGTG

GAGCAGCAGTGGAGAGAGCTGTATGAGGAAATGGAGAAACAGAAGGA

GGCGGAGGAGACCAAGAAGAAGAGGGAAAAGGAGAGAGCCAGGCAAG

AGGACGTCTGGGGACTAGATGAGGAGGATGAGGAGGACGCTGAAGAG

GACGACGAGGAGGAAGCAGAGGAAAGGCTCAAGCAGGAAGGCAGTGC

AGCGAGGGCGTCTCTGGACCAGAAGGAAGCCCACTTGGATCAGAAGG

ATGAACTGTAA 

Chimera 6  

ATGAGGAGCCTGTCGCTGCTGCCTCTGCTGCTACTGACCTCCTGCACC

TTCAGGACGCAGGGGAAGAGACGGCAAGTCTACTTCCGGGAGGAGTTT

GAAGATGGGGATGGATGGACAAAACGGTGGGTACAATCTAAACATCAG

TCAGATTACGGCCAATTCCAGCTAGCCTCGGGAAAATTTTATCAAGATA

AAGAGAGAGATAAAGGTCTCCAGACCACAGAAGATGCCAAGTTCTACG

CCCTTTCCACCAGGTTTAAGCCATTCAGCAATGAGAATGAGACCTTGGT

GGTTCAGTTTTCAGTAAAACACGAGCAAGGCATCGATTGCGGCGGTGG

CTACGTGAAACTCTTTCCTGCCGCACTGAACCAGGAGGACATGCACTC

AGAATCCCAGTATTACATCATGTTCGGCCCGGACATCTGTGGCTTTGG

CAACAACAGACTACAGGTCATCCTTTCTCACAAAGGGAAATACCATGA

GAACAACAAGACCCTCAAGTGCAGGATTAATAAAGACACTCACCTGTA

CACTCTGATCCTTCGCCCTAATGCTACTTATGAGGTTAAAATTGACAAC
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AGCCAGGTGGAGTCCGGCTCCTTGGAAGACGATTGGGACTTCCTGCCACCC

AAGAAGATAAAGGATCCTGATGCTTCAAAACCGGAAGACTGGGATGAGCG

GGCCAAGATCGATGATCCCACAGACTCCAAGCCTGAGGACTGGGACAAGC

CCGAGCATATCCCTGACCCTGATGCTAAGAAGCCCGAGGACTGGGATGAAG

AGATGGACGGAGAGTGGGAACCCCCAGTGATTCAGAACCCTGAGTACAAG

GGTGAGTGGAAGCCCCGGCAGATCGACAACCCAGATTACAAGGGCACTTG

GATCCACCCAGAAATTGACAACCCCGAGTATTCTCCCGAT

 

CCCACCATTGG

TCACTATCACAACATTAGTGTCCTTGGTCTGGATCTTTGGCAGGTGAAA

TCAGGCAGCATCTTTGACAATTTCCTTCTAACAAATGATGAAGAGTTTG

CTGAAGAGGTTGGAAATATGACCTGGGGATTAAGAAAGGATGTGGAGC

AGCAGTGGAGAGAGCTGTATGAGGAAATGGAGAAACAGAAGGAGGCG

GAGGAGACCAAGAAGAAGAGGGAAAAGGAGAGAGCCAGGCAAGAGGA

CGTCTGGGGACTAGATGAGGAGGATGAGGAGGACGCTGAAGAGGACG

ACGAGGAGGAAGCAGAGGAAAGGCTCAAGCAGGAAGGCAGTGCAGCG

AGGGCGTCTCTGGACCAGAAGGAAGCCCACTTGGATCAGAAGGATGAA

CTGTAA 
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Glossary of terms 
Accessory olfactory bulb (AOB): The AOB is a structure located on the dorsal 

posterior region of the main olfactory bulb (see below main olfactory bulb) and 

receives axonal input from the VNO, on binding pheromones.  

Amygdala: An amygdala is an almond shaped body of nuclei located deep within the 

brain of complex vertebrates. It sends impulses to the hypothalamus.  

Axon: An axon is a long slender projection of a nerve cell (neuron) that carries electrical 

impulses away from the cell body.  

Conspecific: Of or belonging to the same species.  

Contig: A series of overlapping clones or a continuous sequence defining an 

uninterrupted section of a chromosome. 

Cribriform plate: One of the four components of the ethmoid bone in the base of 

the cranium. Its name derives from the Latin word for ‘sieve’, in reference to its spongy 

appearance. 

Expressed sequence tag (EST): A specific type of sequence tagged site representing a 

gene that is expressed.  

Extra orbital lachrymal gland:  

Homolog: A gene related to a second gene by descent from a common ancestral DNA 

sequence. The term homolog may apply to the relationship between genes separated by 

the event of speciation (ortholog) or to the relationship between genes separated by the 

event of genetic duplication (paralog). 
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Hypothalamus: The hypothalamus is a portion of the brain that contains a number of 

small nuclei with a variety of functions. It coordinates many hormonal and behavioral 

circadian rhythms, neuroendocrine outputs and important behaviors and must therefore 

be responsive to may stimuli like odorants, pheromones, light, steroids etc.   

Intermale aggression: Fighting between males; includes elements of competitive, 

territorial and sexual aggression. 

Intraspecific: Arising or occurring within a species or between members of the same 

species. 

Lordosis: A posture that is adopted by a female animal in anticipation of sexual 

intercourse, characterized by arching of the back to facilitate copulation.  

Main olfactory system (MOE): The main olfactory system is the sensory system used 

for olfaction, the sense of smell.  

Maternal aggression: The dam's protection of her young; a variant of dominance 

aggression. 

Olfactory bulb (main olfactory bulb/ MOB): A structure located in the forebrain of 

vertebrates that receives neural input about odors detected by the olfactory epithelium in 

the nasal cavity. The axons from the olfactory receptor cells extend directly to the 

olfactory bulb. 

Open reading frames: Stretches of DNA that are flanked by a 5’ initiation codon and a 

termination codon, which must be in the same reading frame. The presence of an open 

reading frame is one of the criteria that need to be fulfilled to show that a gene is 

functional.  
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Ortholog: Orthologs are genes in different species that evolved from a common 

ancestral gene by speciation and normally retain the same function in the course of 

evolution. 

Paralog: Paralogs are genes related by duplication within a genome. Orthologs retain 

the same function in the course of evolution but evolve new functions even if these arose 

from the same gene.  

Pseudogene: A DNA sequence that is related to a functional gene but cannot be 

transcribed owing to mutational changes or the lack of regulatory sequences.  
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