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Chapter 4: Predicted 3D Structures for mouse I7 and rat I7 
olfactory receptors and comparison of predicted odor recognition 

profiles with experiment 
 

Adapted from published article (Hall et al., 2004) 

 

ABSTRACT 

The first step in the perception of an odor is the activation of one or more 

olfactory receptors (ORs) following binding of the odorant molecule to the OR.  In order 

to initiate the process of determining how the molecular level receptor-odorant 

interactions are related to odor perception, we used the MembStruk computational 

method to predict the three-dimensional structure of the I7 OR for both mouse and rat.  

We then used the HierDock ligand docking computational method to predict the binding 

site and binding energy for the library of 56 odorants to these receptors for which 

experiment response data are now available (Bozza et. al. 2002). We find that the 

predicted 3D structures of the mouse and rat I7 OR lead to predictions of odorant binding 

that are in good agreement with the experimental results, thus validating the accuracy of 

both the 3D structure and the predicted binding site.  In particular we predict that 

heptanal and octanal both bind strongly to both mouse and rat I7 ORs, which conflicts 

with the older literature (Krautwurst et al. 1998) but agrees with recent experiments 

(Bozza et al. 2002).  To provide the basis of additional validations of our 3D structures, 

we also report the odorant binding site for a new odorant (8-hydroxy-octanal) with a 

novel functionality designed to bind strongly to mouse I7.  Such validated computational 
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methods should be very useful in predicting the structure and function of many other 

ORs.  

1.0 INTRODUCTION 

 The early stage in odorant detection involves binding of the odorant molecule to an 

Olfactory Receptor (OR) (Buck and Axel 1991; Lancet et al 1993) followed by activation 

of the OR through release of the G-protein fragments.  Each olfactory sensory neuron 

expresses only one OR type, but a particular OR can respond to multiple odorants.  A 

particular ligand can also elicit response from multiple ORs.  This leads to a unique 

combination of OR responses for each odorant (Malnic et al 1999).  Thus the mammalian 

olfactory system uses a combinatorial response to discriminate thousands of odorants 

(Sicard and Holley 1984, Malnic et al. 1999, Kajiya et. al. 2001). 

ORs belong to the superfamily of membrane bound G-protein coupled receptors 

(GPCRs) (Buck and Axel 1991, Mombaerts 1999).  There are 913 ORs in mouse 

(Godfrey et al 2004) and 339 ORs in human (Malnic et al 2004) making it an extremely 

forbidding task to experimentally (or computationally) elucidate the details by which 

odorants activate each of the ORs. There is almost no molecular level information on 

how and where each odorant binds to the OR or when and how this leads to their 

activation.  The major impediment to obtaining this molecular level information is that 

there is no experimental three dimensional structural information available for any OR of 

any species of life!  Indeed considering all forms of life there is an experimental 3D 

structure for only a single GPCR, bovine rhodopsin (Grigorieff et al., 1996). This is 

because it has not yet been possible to obtain crystals suitable for diffraction studies of 

these membrane bound proteins, despite years of intense effort.   
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Consequently, we have developed computational techniques (MembStruk) 

suitable for predicting the three-dimensional structures of GPCRs.  The original version 

of MembStruk1.0, was validated on bacteriorhodopsin and used for prediction of 

structure of OR-S25 (Floriano et al 2000). Subsequent improved version of 

MembStruk2.0 (with optimization of rotational orientations of the helices) have been 

validated for bovine rhodopsin, where it leads to a CRMS (coordinate root-mean-square) 

error of 2.8 Å in the transmembrane (TM) domains (Vaidehi et al 2002, Trabanino et al., 

2004) compared to the crystal structure (Palcezwski 2000; Poincelot et al., 1970).  We 

have also validated the MembStruk2.0 predicted structures for human β1 and β2 

adrenergic receptors (Vaidehi et al 2002, Freddolino et al 2004), and human dopamine 

D2 receptor (Kalani et al 2004).  Since no experimental structural data are available for 

direct validation of our predicted structures for these systems, we used the HierDock2.0 

method (Floriano et al. 2000, Vaidehi et al. 2002) to predict the binding sites of ligands to 

the predicted 3D structures of these GPCRs.  These binding sites were then compared to 

the numerous experimental mutation and binding studies carried out in developing 

subtype specific agonist and antagonist pharmaceuticals.  We found that the predicted 

binding site of these ligands all agree quite well with all available experimental mutation 

data.  This validation of the techniques gives us confidence to now apply these techniques 

(MembStruk and HierDock) to the more complex problem of ORs, where all available 

information suggests much less selectivity than for the rhodopsin, adrenergic, and 

dopamine receptors. 

There has been some progress in determining which odorants lead to activation of 

specific mammalian ORs.  However, the experiments are laborious and results are 
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available on only a few ORs for a relatively small library of odorants (Kiefer et al., 1996; 

Zhao et al 1998; Bozza et al 1998; Mori et al 1999; Malnic et al 1999; Rubin et al 1999; 

Duchamp-Viret 1999; Kratwurst et al 1998; Araneda et al 2001; Kajiya et. al. 2001).  

Consequently, we have chosen to apply the MembStruk and HierDock methods to these 

few more well studied ORs as the first step in approaching the much more complicated 

task of elucidating the structures and function for the whole set of mammalian ORs. 

Our first report on the structure and ligand binding for an OR (Floriano et al 

2000) was for the S25 mouse OR where it was known that only two of twenty four 

simple aliphatic odorants were agonists for this ORS25.   Here we correctly predicted that 

the two known cases do bind much more strongly than the other twenty two odorants.  

Here we report a more complete validation by comparing the calculated binding energies 

of 56 odorants to the intracellular Ca2+ imaging measurements to the rat and mouse I7 

OR.  Prior to publication of these experimental results (Bozza et al 2002), we arranged to 

carry out a blind test of our methods.  Tom Bozza and Peter Mombaerts (Rockefeller 

University) sent us the names of the 56 odorants (shown in Table I) for which they had 

measured the intracellular calcium influx response for the I7 OR both rat and mouse, but 

they provided no experimental data until after we reported to them our calculated binding 

sites and energies, reported herein.  We predicted the structure and odorant binding 

energies of R-I7 and M-I7 using MembStruk1.0 and HierDock2.0.  They then provided 

us with the list of experimental agonists for these two ORs, which then was published 

(Bozza et al 2002).  As shown in this paper, the calculated binding energies correlate 

well, but not perfectly to the experimental activation profiles (correctly showing that 

binding to aldehydes is favored while binding to such chemical classes as acids and 



 198

alcohols are not favored).  In addition, our predictions confirmed in advance the result 

that both rat and mouse I7 receptor are activated by both heptanal and octanal. 

After making these blind predictions, we made significant improvements to the 

MembStruk structure prediction methods for our studies on biogenic amine receptors, 

where there are large amounts of experimental data on mutations and ligand binding 

affinities. These improved methods have now been applied to mouse and rat I7 ORs, 

leading to results that are in significantly improved agreement with experimental 

measurements of the intracellular calcium imaging results. Based on our best predictions 

of the structure and binding site, we have designed three new odorants with two 

functional groups that we predict will bind to mouse and rat I7 receptors.  Experimental 

tests on these compounds would provide additional tests on how well the theory can be 

trusted for predictions prior to experiment. 

The mouse I7 (M-I7) and rat I7 (R-I7) ORs both contain 301 residues.  They have 

95% sequence identity, differing by only 15 residues, 4 of which are located in the TM 

region (see Figure 1).  Despite the high similarity of M-I7 and R-I7, their odorant 

activities are somewhat different (Krautwurst et al 1998, Zhao et al 1998, Wetzel et al 

1999, Araneda et al 2000, Bozza et al 2002, Levasseur et al 2003).  These differences and 

similarities in odor recognition make M-I7 and R-I7 good candidates to test how well our 

modeling techniques can discriminate odor differentiation resulting from slight changes 

in sequence.  Previous modeling of R-I7 based on bacteriorhodopsin structure was 

reported by Singer 2000.  

2.0 RESULTS AND DISCUSSION 
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We report here the predictions for the 3D atomic-level structures of the M-I7 and 

R-I7 ORs, the binding sites for the odorants that activate these receptors and the relative 

binding energies for the odorants in these sites.  We find results that correlate well with 

the experimental intracellular calcium ion influx measurements (Bozza et al. 2002, 

Bozza, private communication, Araneda et al. 2000). 

2.1 Prediction of the three-dimensional structure of M-I7 and R-I7 ORs 

 The details of the methods used for predicting the structure and function of M-I7 

and R-I7 ORs are described in the appendix I7. However in the next section, a brief 

outline of the methods as applied to M-I7 and R-I7 are given.  

2.1.1 Predicted Structures for M-I7 and R-I7.  

To predict the TM regions we aligned the sequences for M-I7 and R-I7 along with 

21 other rat and mouse ORs that had similar homology, and these alignments were used 

to predict the TM region based on hydropathicity profiles (Trabanino et al., 2004).  The 

predicted TM regions for M-I7 are compared in Figure 1.  Using the predicted TM 

regions, we applied the MembStruk1.0 method to predict the 3D structures.  Two sets of 

structures were predicted using MembStruk1.0 and subsequently MembStruk2.0 

methods.  The first structures using MembStruk1.0 (described in Floriano et al 2000) are 

denoted as preM-I7 and preR-I7. These structures were used for the predictions made in 

the blind study, prior to the publication of the experimental odorant activation assays 

(Bozza et al 2002).  Subsequently the improved version of MembStruk2.0 method was 

used [described in the appendix and in Vaidehi et al 2002] to obtain the final structures of 

M-I7 and R-I7.  These improvements in MembStruk2.0 used the calculated potential 

energy to determine the optimum rotational orientation of the helices, rather than just the 
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hydrophobic moment as in MembStruk1.0.  These were motivated by studies we were 

doing on the structures of dopamine and adrenergic receptors (Kalani et al 2004, 

Freddolino et al 2004).  In addition, we used the predicted structure of M-I7 and the high 

sequence homology between R-I7 and M-I7 to build a homology model for R-I7 based on 

the predicted M-I7 structure as template.  Below we refer to this as the R-I7(hom) 

structure.   

For each of these 3D structures, we applied HierDock2.0 (Vaidehi et al. 2002) to 

predict the odorant binding sites and binding energies of the 62 molecule odorant library.  

Since the results using as preM-I7 and preR-I7 were obtained prior to knowledge of the 

experimental results, we consider it valuable to report them here.  Hence the methods 

used to these results are described in detail in the appendix found in the supplementary 

material (Appendix I7).  However the main body of the results and the analysis of the 

binding sites have been done with the predictions with R-I7(hom) and M-I7 that are in 

better agreement with experiment.  

2.1.2 Comparison of the Predicted M-I7 and R-I7(hom) Structures. 

A standard way to compare different structures for the same protein is to 

determine the coordinate root-mean-square (CRMS) difference between the structures 

(after matching the center of mass and moments of inertia).  However since CRMS is an 

average quantity it does not have the discrimination required to understand how the 

differences in structure might affect function.  Consequently, we developed the 

“MembComp” method for comparing the structural features of two GPCRs.  Here we 

start with the reference plane intersecting hydrophobic center  (Trabanino et al. 2004) of 

each  TM helix of the final structure, compare such helical characteristics as helical bends 
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and tilts (Trabanino et al 2004, Filizola et al. 1998) for each of the 7 TM domains.  These 

helical properties are summarized in Table II and Figure 2.  These results show that the 

M-I7 and R-I7(hom) structures are remarkably similar with only slight differences in their 

hydrophobic moments, as expected by the 95% sequence identity.  The main chain atoms 

in the TM region differ by a CRMS of only 1.5Å.   

Table III compares the structural features between M-I7 and bovine rhodopsin 

(which have a sequence identity of 11%), while Figure 3 compares them graphically.  

The CRMS difference between these structures is 6.22 Å, with the largest differences in 

the hydrophobic moments of TM6 and a salt bridge from TM6 to the IC2 loop in 

rhodopsin.  With such a large difference in structure, we expect that using bovine 

rhodopsin as the template for homology structure predictions may not lead to useful 

predicted structures for the ORs.  

2.2 Experimental methods to determine odorant activation profiles 

The odorant activation profiles for the M-I7 and R-I7 ORs were determined 

experimentally by Dr. Tom Bozza of Rockefeller University, using fura-2 calcium 

imaging in acutely dissociated olfactory sensory neurons.  KCl and forskolin were used 

as positive control stimuli (see Bozza et al. 2002).  These experiments were carried out 

by first grouping the odorants into six sets or mixtures (A through F) as shown in Table I.  

Then for those mixtures with a positive response, the mixtures were separated into 

individual components to determine which odorant was causing the activation of the OR 

(Bozza et. al. 2002).  We had no access to these experimental results nor did we make use 

of literature data (Araneda et al. 2000), until the predictions of binding energies using the 

preM-I7 and preR-I7 predicted structures were completed and sent to Bozza. 



 202

2.3 Predicted Binding Site and Binding Energy for odorants in M-I7 and R-I7 ORs 

2.3.1 Identification of the putative odorant Binding Site. 

  We predicted the putative binding site for each of the 62 test odorants to both R-

I7 and M-I7, by using HierDock2.0 to scan the entire receptor structure.  The first step 

was to partition the entire receptor into 13 overlapping binding regions containing all the 

internal voids and surface accessible voids present in the predictions protein structures.  

Then we applied the HierDock2.0 protocol (described in Vaidehi 2002 and summarized 

in the appendix) to docking the potential odorants to each of these regions.  The best 

binding region of these 13 regions for all of the test odorants was found to be located 

between TM helices, 3, 4, 5 and 7 in both the OR structures. 

2.3.2 Binding energies of odorants in the preM-I7 and preR-I7 structures. 

Having located the binding region, the HierDock2.0 protocol (detailed in the 

appendix) was again used to dock all 62 odorants in this putative binding region for both 

M-I7 and R-I7 and to calculate the binding energy.  The calculated binding energies of 

odorants in the initial preR-I7 and preM-I7 structures are shown in Table IV.  The 

odorants with the best binding energies are marked in red (predicted binding energy 

greater than 30 kcal/mol, none seen in this table) while the second best are marked in 

yellow (predicted binding energies above 25 kcal/mol and below 30 kcal/mol), followed 

by cyan (for 20 to 25 kcal/mol) and purple (for 15 to 20 kcal/mol).  As indicated in Table 

IV, the pattern of predicted binding energies is in fair agreement with experimental 

intracellular calcium concentration measurements for both R-I7 and M-I7 structures.  For 

example, we predicted that both heptanal and octanal bind strongly to both M-I7 and R-I7 

in disagreement with the published experiments (Krautwurst et al. 1998), but as we 
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learned later this does agree with the new experiments (Bozza et al. 2002).  Overall 25% 

of the odorant predicted to be good binders (colored yellow) were confirmed by 

experiment, while 17% of the odorants with medium affinity (cyan) predictions were 

confirmed, 10% of the weak binding odorants (marked in purple), and 7% of the 

unmarked were observed to be agonists.  Comparison of the calculated binding energies 

to the experimental data available in literature (Araneda et al. 2000, Levasseur et al. 

2003), we find that 50% of the good binding odorants (marked in yellow) are also found 

to be agonists with experiments.  For example, nonanal and decanal were shown to be 

agonists for R-I7 (Araneda et al. 2000, Levasseur et al. 2003), which is in agreement with 

the calculated binding energies in Table IV.  The blind predictions correctly concluded 

that aldehydes would be the main group activating R-I7 and M-I7.   

2.3.3 Binding Energies of the Odorants in the R-I7(hom) and M-I7 refined structures: 

 Although the MembStruk1.0  calculations led to results in fair agreement with the 

measured activation profiles for R-I7 and M-I7 receptors, there were several false 

positives (e.g., lilial, lyral, and benzaldehyde) in the prediction.  Later the MembStruk1.0 

method was improved while we were predicting the structure and function for the 

dopamine and adrenergic receptors, for which there is abundant mutation data available 

to validate the predicted binding sites.  

 After completing the computational results in the blind test, we applied the 

improved MembStruk2.0 method to again predict the 3D structures of the I7 receptors.  

Then we used these new I7 structures with HierDock2.0 to predict the binding site and 

binding energy for the 62 odorants.  The calculated binding energies of the odorants for 

the improved structures are shown in Table V. 
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 To simplify comparisons the calculated binding energies of the 62 ligands were 

categorized into seven grades.  They are class A: the best binding odorants with binding 

energies ranging from 30 to 40 kcal/mol (colored in red in Tables IV and V), class B(25 

to 30 kcal/mol; yellow) , class C: (20 to 25 kcal/mol  cyan) , class D (15 to 20 kcal/mol 

purple), class E: (10 to 15 kcal/mol no color), class F: (0 to  10kcal/mol, no color),  and 

class G negative binding energy indicating no binding, no color.  

Comparing to experiment (see Table V) we find the following:  

• Among class A: M-I7 has six aldehydes (of which four were observed experimentally 

to be agonists) and one ketone (not an agonist experimentally).  While R-I7 has five 5 

aldehydes (of which all but decanal was observed experimentally to be agonists by 

Bozza, while decanal was also observed to be agonist  by Araneda et al. 2000) and 

one ester (not  an agonist experimentally).  

• Among class B: M-I7 has nine aldehydes (of which four were observed agonists 

experimentally) and one alcohol (not observed to be an agonist).  While for R-I7 there 

are six aldehydes (of which two were observed to be agonists experimentally by 

Bozza and nonanal reported to be an agonist in the literature Araneda et al. 2000), one 

ketone(not observed to be an agonist), and one alcohol (not observed to be an 

agonist).  

• Among class C: M-I7 has one alcohol, four esters, and three ketones none of which 

were observed to be agonists experimentally.  While R-I7 has four aldehydes, two 

alcohols, two esters, and three ketones none of which were agonists.  

• Among classes D-G, were the other 38 odorants for M-I7 and 37 odorants for R-I7, 

none of which were observed to be agonists.  
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 Overall there is good agreement between the calculated binding energies and 

measured intracellular calcium response.   Thus 62% (69% including decanal in I7 rat) of 

class A odorants were observed to be agonists experimentally while 33% (39% including 

nonanal in I7 rat) of class B odorants, and none of the 5 lower binding classes (with 75% 

of the odorants) were observed to be agonists.  Clearly the predictions identified 

aldehydes as the prominent binders to I7, which correlates well with the experimental 

observation that only aldehydes activate these ORs.  Most of the experimental agonists 

(56% including decanal and nonanal for I7 rat) are in the top predicted binders shown in 

red (predicted binding energy greater than 30 kcal/mol).  The rest of the experimental 

agonists (44%) are the next best binders shown in yellow.  

The false positives in the calculations could be due to 1) inaccuracies in the 

calculation of the binding energies such as no explicit inclusion of entropy or room 

temperature effects or 2) the fact that some of these odorants predicted as false positives 

do bind but may not activate the ORs and could act as antagonists.  

 The available experimental data involves measuring the increase in calcium ion 

concentration in individual olfactory sensory neurons, which is a measure of activation 

by the odorant and not just the binding whereas the theory calculates binding site and 

binding energy of the odorant but not the activation process of the ORs.  Strong binding 

is a necessary but not a sufficient condition for activation, and hence our calculated 

binding energies should best be compared to measured binding constants.  Unfortunately, 

such data is scarce and are not yet available for these mammalian ORs.  Thus some 

odorants predicted to have good binding energies may not bind in the correct 

configuration to activate the OR serving perhaps as an antagonist rather than an agonist.  
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For example, we predict lilial and lyral to be in the top (red) group of good 

binders, whereas the experiments did not find them to activate the receptors (Bozza et al. 

2002).  There are two possible explanations for this discrepancy between binding energy 

and measured activation 1) the experiments tested these odorants only in a mixture. This 

makes the comparison of theory with experiment ambiguous, since a mixture might 

contain an antagonist ligand that would compete with an agonist in the mixture.  2) The 

other possibility is that lilial and lyral themselves could be antagonists to these rat and 

mouse I7 ORs.  In section 3.0 we discuss competitive binding experiments that could test 

if some odorants predicted to be top binders are not observed to activate because they are 

antagonists or because that are agonists but inhibited by antagonists. 

2.3.4 Residues predicted to be directly involved in binding of odorants to the R-I7 and M-

I7 OR structures. 

Figures 4 and 5 show the predicted binding sites for octanal in M-I7 and R-

I7(hom).  Octanal was predicted as a good binder and shown experimentally to be an 

agonist for both M-I7 and R-I7 (Araneda et al. 2000, Bozza et al. 2002).  The Figures 4a 

and 5a indicate the binding pocket depth as ~ 10 Å deep from the extracellular surface.  

This is similar to the epinephrine-binding pocket of the beta-adrenergic receptor (βAR) 

(Freddolino et al. 2004, Strader et al. 1989) and other ORs (Vaidehi et al. 2002) and to 

11cis-retinal pocket in bovine rhodopsin (Palceszswki et al. 2000).  These figures show 

that the ligand binding pocket is located inbetween TM helices 3, 4, and 6.  The residues 

making direct contact with the odorant are in the hypervariable region in the sequence 

alignment of ORs (Pilpel and Lancet 1999, Singer et al. 1995 a&b, Mombaerts 1999, 
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Buck and Axel 1991), consistent with their involvement in differential odor binding for 

different OR subtypes.   

The details of the binding site of octanal in M-I7 and R-I7 structures are shown in 

Figures 6 and 7 respectively.  We find that Lys 164 is hydrogen bonded to the polar 

moiety for all the positive agonists, making it one of the critical residues for the binding 

of aldehydes.  This  could be directly tested experimentally by mutating this residue to 

uncharged polar residues (Tyr, Thr), which might switch receptor specificity toward 

odorants with polar but uncharged functional groups (say alcohols or ketones) or by 

mutating it to a nonpolar residue, which should lead to a dramatically different binding 

profile (or possibly to misfolding).  Other residues that are involved in binding are: Ile 

255, Ala 258, Ala 259, Ser 280, and Tyr 283.  As detailed later in the text, mutating these 

residues might modulate the length of the alkyl chain recognized by these receptors.  

Tables VI and VII show the distances of the residues in the binding site of R-I7(hom) and 

M-I7 structures for the aldehydes predicted to be the best binders. 

2.3.4 Description of binding sites of odorants with good binding energies. 

2.3.4a Citral, citronellal (+) and (-), heptanal, hexanal, nonanal, and trans-

cinnamaldehyde to M-I7: 

 The binding site and orientation of citral, citronellal (+) and (-), heptanal, hexanal, 

nonanal, and trans-cinnamaldehyde were all the same as octanal (Figure 6).  This is 

shown in Figure 8 for citral (yellow), nonanal (lime), and trans-cinnamaldehyde (orange). 

For each ligand, the long axis of the odorant is parallel to the membrane.  In all these 

agonists the aldehyde functional group makes a hydrogen bond to Lys 164.  The size of 

the odorant that can fit sufficiently near Lys 164 to hydrogen bond is modulated by Cys 
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114, Cys 117, and Phe 205.  The length of the odorant binding in this mode is limited by 

the Ile 255, Ala 258, Ala 259, Ser 280, and Tyr 283. This suggests the residues that might 

be mutated to modify the binding profile and thereby validate our predictions. 

2.3.4b Octanal, citral, citronellal (+) and (-), heptanal, hexanal, nonanal, and trans-

cinnamaldehyde to R-I7(hom): 

 The predicted binding site of these eight ligands in R-I7(hom) (see Figure 7) has 

the aldehyde functional group hydrogen bonded to Lys 164.  The binding site near Lys 

164 is shaped into a narrow groove lined by the residues: Cys 114, Cys 117, Phe 205, and 

Ile 209 which is very similar in R-I7(hom) and M-I7.  Table VIII shows the differences in 

the binding pocket for the experimentally observed agonists and for decanal.  The main 

difference between these two receptors is that Leu 110 is closer to the binding pocket in 

M-I7 while Phe 205 and Ile 209 are farther away from the binding pocket in M-I7.  This 

may explain why citronellal binds more strongly to M-I7.  The residues near Lys 164 

form a groove that is narrower in R-I7(hom) than the corresponding groove in M-I7, and 

the residues that limit the length of the ligand: Ile 255, Ala 258, Ala 259, Ser 280, and 

Tyr 283 are generally closer in R-I7(hom), which may explain why the longer ligand 

nonanal is experimentally observed in M-I7 and not in R-I7(hom).  However, there is a 

report that nonanal is experimentally observed but with a weaker response (Araneda et al. 

2000).  These distances differ just slightly for each ligand, and the long axis of the 

odorant is again perpendicular to the membrane.  Since our calculations indicate similar 

binding constants for these ligands, it could be that any differences observed 

experimentally might arise from other factors such as the ease of activation following 

binding of agonist which might be affected by residues remote from the active site. 
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2.3.4c Decanal to M-I7 and R-I7(hom): 

 We find that decanal binds to a site in M-I7 and R-17(hom) very similar to 

octanal; however, decanal must twist along its long axis (horizontal) in order to fit into 

the binding site.  This is due to Ile 255, Ala 258, Ala 259, Ser 280, and Tyr 283 that 

hinder the length of this aldehyde (see Figure 9 for M-I7).  The initial experimental 

results (Bozza et al. 2002) did not find activation by decanal, but as discussed in section 

3.0, experiments done after the calculations show that it does lead to activation but is 

slower than heptanal in I7 mouse.  Indeed Araneda et al. 2000 also find that decanal 

activates I7 rat.  The twisting of the molecule to fit the binding site could cause strain and 

could be the cause for the slow activation, which caused it to be missed as an agonist in 

the initial experiments. 

2.3.4d Lilial to M-I7 and R-I7(hom): 

 We predict that lilial binds strongly, but it was not found experimentally to be a 

positive agonist.  Indeed the predicted binding site for lilial is quite different than for the 

observed agonists, being nearly vertical (see Figure 10 for M-I7).  This vertical binding 

(parallel to the membrane) of this odorant is stabilized by the hydrophobic residues: Leu 

106, Phe 109, Leu 110, Ile 168, Phe 205, Phe 262, and Ile 263.  These residues form a 

hydrophobic tunnel that might act as a path for the aldehydes to enter into the binding 

pocket.  In the bovine rhodopsin crystal structure, The extracellular loop II is closed 

down into the TM region with 11cis-retinal bound. With lilial bound in its vertical 

binding site, this loop cannot close in the same way, perhaps explaining why lilial does 

not activate the OR.  This speculation that lilial may serve as a competitive antagonist 

was tested experimentally (see Section 3.0) and found not to be the case. 
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2.3.4e Lyral to M-I7 and R-I7(hom): 

 We predict that lyral binds strongly, but it was not found experimentally to be an  

agonist.  Indeed the predicted binding configuration for lyral is quite different than the 

observed agonists. The binding site is similar to the M-I7 octanal site with the exception 

that the aldehyde functional group of lyral is hydrogen bonded to Ser 280 while the 

alcohol functional group at the other end is hydrogen bonded to Lys 164 (see Figure 11).  

Although this reversed binding site leads to a good predicted binding energy, its reversed 

orientation may be responsible for its inability as a positive agonist.  This may indicate 

that strong binding to Lys 164 is necessary for activation.  Thus lyral may serve as a 

competitive antagonist. 

2.3.4f Summary of binding studies: 

 To summarize the results on binding studies, we used HierDock to predict the 

most probable binding site of octanal for the M-I7 and R-I7(hom) structures and to 

predict the binding of all 62 odorants to this binding site.  The corresponding binding 

energies are shown in Table V, where we find a good comparison with the experiments.  

Again both M-I7 and R-I7 are predicted to bind both heptanal and octanal.  As discussed 

above some of the experiments in literature had indicted that heptanal activates M-I7 but 

not R-I7 while octanal activates R-I7 but not M-I7 (Krautwurst et al. 1998) but later 

experiments (Bozza et. al. 2002) find that both lead to activation.  The calculated binding 

energies also agree with literature that nonanal and decanal activate I7 rat (Araneda et al. 

2000, Levasseur et al. 2003). Lys164 forms a hydrogen bond with the aldehyde group of 

the aldehyde agonists, This was also previously observed by Singer 2000. 

2.4 Agonists, Antagonists, Binding of Mixtures 
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 A difficulty in comparing the calculated binding energies directly to the 

experimental activation data is that a strongly bound odorant could be an agonist 

(eliciting intracellular calcium ion influx) or an antagonist (preventing activation of the 

OR).  However, most experiments on ORs detect only agonists.  Consequently, we are 

particularly concerned about comparing the calculated binding energies of odorants to 

experiments done only on mixtures, since a mixture containing an antagonist might mask 

the activation by an agonist (Cromarty and Derby 1998).  There could also be cases 

where two ligands both interact with the same receptor, which is outside the scope of our 

current studies.  Antagonists could be sought experimentally by competitive binding 

studies of suspected antagonists against known agonists.  This might identify OR 

inhibitors that could impair the detection of specific odorants.  We have compared the 

predicted binding energies only to the experimental agonists that have been tested as 

individual odorants.  For cases in which only mixtures were known to not elicit activation 

of the ORs, we did not assume that the single components are non-binders. 

3.0 Proposed competitive experiments and verification 

Based on the first generation of predicted structures (pre-RI7 and pre-MI7) for rat 

and mouse I7, we predicted three ligands: decanal, lyral, and lilial to have good binding 

energies (within the top ten percent) which were not observed agonists to these ORs.   

Since cinnamaldehyde (an observed agonist) was predicted to bind in a similar location 

and structure as lilial and lyral and with a similar binding energy, we speculated that lilial 

and lyral might be antagonists.  Similarly heptanal (an observed agonist) is predicted to 

bind in location and structure similar to decanal and with a similar binding energy, but 

again decanal did not elicit activation response.  At that stage, we proposed three 
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experiments that could be done to test for competitive binding to M-I7: 1) 

cinnamaldehyde vs. lilial, 2) cinnamaldehyde vs. lyral, and 3) decanal vs. heptanal. 

3.1 Competitive activation assays for decanal and lilial 

The proposed competitive experiments were carried out to test the above 

suggestions (Bozza, private communication).  Specifically, Bozza tested whether decanal 

or lilial can inhibit responses to the known I7 agonists heptanal or cinnamaldehyde, 

respectively.  

In the new experiments on decanal using a variety of concentrations, it was found 

to be an agonist but slower than heptanal or cinnamaldehyde.  Concentration of the ligand 

can affect the binding affinity (Levasseur et al. 2003), and thus suggesting that nonanal 

and decanal are weaker agonists to I7 rat (Araneda et al. 2000).   

However, the experimental results showed that lilial does not behave as a robust 

inhibitor of cinnamaldehyde for mouse I7 OR (Bozza, private communication).  Thus the 

predicted binding of lilial must be assumed to be a false positive, while experiments show 

that decanal does activate the receptor, as predicted by the theory.  

4.0 Filtering false positives with moments of inertia 

Since the competitive experiments suggested that lilial neither agonizes nor 

antagonizes I7, we suspected that there might be a size restriction on which ligands could 

bind and activate the I7 mouse OR, as also discussed in Araneda et al. 2000.  Such a 

restriction might result from difficulties in the odorant successfully diffusing into the 

binding site.  To test this idea we calculated the moments of inertia for the final bound 

structures of all the aldehydes to the M-I7 model (see Table IX).  The moments of inertia 

were calculated by assigning each atom with it’s atomic weight and then finding the axis 
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that correspond to the highest distribution of the mass of the ligand.  These numbers 

represent the general size of the ligand, since the larger the number the farther away from 

the axis the density is.  Since the agonists all have a small first moments of inertia 

number, this means that the binding site prefers a long narrow shape opposed to a rounder 

or fatter one.  This correlates well with the observations that molecular length is critical 

for rat I7 that are found in Araneda et. al. 2000.  This first small moments of inertia 

component is aligned with the long axis of the ligand.  We found that the two smaller 

moments of inertia for lilial and lyral are larger than those for the odorants compounds 

observed to be agonists to M-I7.  Indeed Figure 12 shows that comparing these two 

moments with the binding energy scores leads to a contour map (Figure 12) in which all 

false positives are well separated from the true positives for the M-I7 profile.   

Based on these results we defined the new scoring function in equation (1) that 

combines these two moments of inertia with the docking energy score. This equation was 

developed to fit the preferred moments of inertia trend observed in Figure 12.  Those 

ligands observed to be in the right shape (by moments of inertia) were weighted to keep 

most of their original energy scores, while those that are farther from the right shape are 

given increasingly larger penalties to the original energy score.  Sorting the aldehydes 

with this new weighted score puts all the observed agonists at the top (Table IX), plus it 

suggests that decanal is a weaker agonist.  This provides an empirical relation that can be 

used to testing for new agonists. 
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 After determining that this expression works for aldehydes, we applied it to the 

other molecules in the odorant library for both mouse and rat I7 (see Table X).  We found 

a good correlation to experimental activation measurements (now including decanal as a 

positive agonist for mouse I7).  Thus we find that 100% of class A (8 compounds), 90% 

(including the literature results for decanal and nonanal for I7 rat) of class B (10 

compounds) and, none of the poor binder classes were observed (106 compounds) to be 

agonists. Of course the use of such an empirical relation to predict the agonists is not 

fully satisfactory.  Thus we will continue to search for improved atomistic methods that 

predict correctly the ligands that activate these receptors without the use of empirical 

data.  

5.0 DISCUSSION  

 The correlation between the calculated binding energies and the measured 

experimental calcium ion influx suggests that the combination of experimental functional 

assays with OR structure prediction will make it possible to identify potential odors for 

other ORs.  Even more important the knowledge of the detailed binding site suggests site-

directed mutations experiments that would validate the predictions.  Indeed the theory 

could be used to determine mutations that would increase the selectivity for particular 

odorants or even to modify the ORs to be selective against new odorants.  Theoretical 

predictions provide an atomic level understanding of the odorant binding to ORs.   This 

might be used to enhance the development of biosensors for the fragrance and food 

industries, industrial and environmental safety, and explosives and narcotics detection.   

 Additional experiments to directly test the predictions made here would be most 

useful.  Such comparisons could help develop knowledge based methods to predict the 
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function of GPCRs in terms of pharmacaphore models that might accelerate the 

predictions of the response patterns of new odorants.   

6.0 PROPOSED EXPERIMENTS:  

 The in-depth analysis of the dimensions of the binding site of odorants in the final 

structure of M-I7 from Section 2.3 shows that Lys 164, Cys 117, and Ser 280 are main 

contributors to ligand binding.  Indeed the Lys 164 might well play an essential role 

beyond the binding mode we have studied. We suggest that Lys 164 might form a 

Schiff’s base with the aldehyde agonists just as is known to occur with 11cis-retinal in 

bovine rhodopsin.  Thus the first step of noncovalent binding which we find to strongly 

prefer aldehyde, might position the aldehyde for a subsequent formation of the Schiff’s 

base, which could be responsible for the changes in conformation that lead to activation. 

If such chemical events play a special role in activation, it could have a significant impact 

on how we think about the binding in ORs and we strongly suggest experimental tests of 

these highly speculative suggestions.  For example, mutating Lys164 to such polar groups 

as Arg or His might still bind an aldehyde but would not form a Schiff base.  Similarly 

mutation to Asn or Gln or even Ser, Thr, or Tyr might still bind an aldehyde but would 

not accommodate the covalent attachment. This might explain the preference of I7 

towards aldehydes. 

 Lys 164, Cys 117, and Ser 280 along with Phe 205 and Phe 109 cap the width of 

the binding pocket, forming a pocket that is ~8 Å long and ~4 Å deep (see Figure 13).  

Using this predicted binding pocket, we now consider the design of novel odor agonists 

that should bind strongly to the mouse I7 receptor and may lead to activation.  We 

considered several multi-functional potential ligands, which we subjected to the 



 216

HierDock2.0 protocol.  The best of these suggested potential odorants (8-hydoxy-octanal) 

has two chemical functional groups, with character very different than the known 

agonists for I7.  8-hydroxy-octanal has the following strong interactions with I7: Lys 164 

to the aldehyde functional group, and Ser 280 to the alcohol group.  Thus experiments on 

the binding of this compound would serve as a good test on the value of the theory to 

predict binding and activity. 

7.0 Summary and Conclusions 

We have used MembStruk2.0 and HierDock2.0 methods to predict the structures 

and odorant binding sites of 56 odorants in two closely related ORs: mouse and rat I7. 

The predicted binding site of odorants is located in TM domains 3, 4 and 6. In particular 

Lys164, Phe109, Cys114, Cys117, and Ile255 of TM4 are predicted to be involved in 

recognition of octanal and other aldehydes in the I7 receptor.  This suggests that mutation 

experiments could be used to test further our predictions.  Thus the mutation of Lys164 

should dramatically change the recognition profile of M-I7 and R-I7.  

The calculated binding energy of octanal and heptanal to both M-I7 and R-I7 are 

nearly equal and hence we predicted that both heptanal and octanal would activate the 

receptors. This was subsequently confirmed by experimental measurements on the 

intracellular calcium concentration influx.  Also out of the top 10% of the calculated best 

binding odorants, 62% were observed to be agonists experimentally and out of the next 

15% in the binding energy list, 33% were observed to be agonists. None of the bottom 

75% of the worst binders was observed to be agonist.   This provides an overall 

validation of the predicted structures for these proteins and of the methods.   
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The results presented here demonstrate significant progress toward predicting 

structure and function of olfactory receptors (and other GPCRs).  Each of these 

predictions can be directly tested experimentally. Development of the atomistic structural 

models for ORs with specific binding requirements for specific odorants to provide 

information that could be valuable in making the connection between binding, processing 

to the cortex, to eventually perception and psychological response.  Understanding these 

relationships could have significant impact on the fragrance and food industries, and 

might be useful in developing artificial olfaction sensors.  

Indeed as the accuracy of the predicted OR structures are validated, it should be 

practical and useful to predict the 3D structures of all 913 mouse ORs and all 339 human 

ORs. Then it would be practical to predict the binding of large odorant libraries to all 

olfactory receptors to obtain overall binding profiles that could be most useful in tracing 

through the processing connecting molecular recognition to odorant recognition.  
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I7 TABLES 

Table I - I7 Studied Odorants 
Odorants studied with theory and experiment.  There are 62 stereoisomers (56 
molecules).  The experiments involved coarse sampling of 7 mixtures (A through NR) 
which were examined individually for those mixtures that led to a positive. 
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Table II - Structual Features of M-I7 and R-I7(hom) 
The calculated structural features of the M-I7 and R-I7(hom) final structures.  The helical 
bend is defined as 180° minus the angle between the tips of the helix and its middle, so 
that the larger the angle the more it deviates from being perfectly straight.  The Helical 
tilt is 90 degrees minus the angle the helix makes with respect to the intersecting plane 
(MembComp), so that a helix with a tilt of 0 degrees is perpendicular to the membrane.  
The Hydrophobic moment angle is calculated from the projection of the Eisenberg 
hydrophobicity (Eisenberg et al1984) of the middle 15 residues of the helix onto the 
plane perpendicular to the helix; here zero points 180 degrees away from the center point 
of the protein; positive angles have this hydrophobicity vector rotating counter-clockwise 
on the plane (top view looking down from the extracellular region).  Helical translation is 
the distance in angstroms that the geometric center of the helix is from the plane of 
intersection. 
 

 
 
Table III - Comparison of structural features of the predicted structure for Mouse 
I7 with the x-ray crystallography results for Bovine Rhodopsin. 
These numbers are derived by comparing the predicted numbers for the M-I7 structure 
with the values in Table II for bovine rhodopsin. Here the difference is (M-I7 minus 
bovine rhodopsin).  The numbers from bovine rhodopsin were obtained using the 
hydrophobic centers (Trabanino 2003, Hall 2003) of each helix to center the plane of 
intersection and the middle 15 residues about that center. 
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Table IV - Predicted Binding Energies (bindE) for 62 odorants docked to preM-I7 
and preR-I7 (initial structures from MembStruk 1.0). 
The binding energies (in kcal/mol) were calculated as the difference between the energy 
of the ligand in protein and in solution.  The solvation corrections were calculated using 
the Analytical Volume Generalized Born (AVGB) continuum solvation approach 
(Zamanakos 2001; Ghosh et al., 1998; Rappé et al., 1991).  Shaded pink ligand names are 
those that experimentally tested positive for being an agonist.  Note that these are the 
results were predicted prior to knowing the experimental results but they are NOT our 
final predicted binding energies for the best OR structures, which are in Table V. 
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Table V - Calculated binding energies (bindE in kcal/mol) for 62 odorants docked to 
M-I7 and R-I7(hom) (MembStruk 2.0). 
Each binding energy was calculated as the difference between the energy of the ligand in 
protein and in solution.  The solvation corrections were calculated using the Analytical 
Volume Generalized Born (AVGB) continuum solvation approach (Zamanakos 2001; 
Ghosh et al., 1998; Rappé et al., 1991).  Shaded pink ligand names are those that 
experimentally tested positive for being an antagonist. 
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Table VI - M-I7 Binding Pocket Analysis 
For M-I7, we show the distance in Å from the closest non-hydrogen sidechain atom in 
each residue to the closest non-hydrogen atom found in the final binding location of each 
of the ligands.  The ligands shown are those that were experimentally positive or false 
positives.  Those without numbers were too far to be in the binding pocket.  Those 
residues that are hydrogen bonded to the odorant have their distances shown in red. 

 
 
Table VII - R-I7(hom) binding Pocket Analysis 
For R-I7(hom) we show the distance in Å from the closest non-hydrogen sidechain atom 
in each residue to the closest non-hydrogen atom found in the final binding location of 
each of the ligands.  The ligands shown are those that were experimentally positive or 
false positives.  Those without numbers were too far to be in the binding pocket.  Those 
residues that are hydrogen bonded to the odorant are showing their distances in red. 
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Table VIII - Comparison of R-I7(hom) and M-I7 Binding Pockets 
Shown is the difference in each distance from table VII minus the corresponding one 
from table VI.  The numbers in blue represent the residues that are closer to the ligand in 
R-I7(hom) than to M-I7.  The numbers in red represent the residues that are closer to the 
ligand in M-I7 than to R-I7(hom).  The letter ‘M’ represents a residue that is within 3.5 
angstroms to the ligand in the M-I7 structure but not in the R-I7(hom), and the letter ‘R’ 
represents a residue that is within 3.5 angstroms to the ligand in R-I7(hom) but not in M-
I7.  The distance 3.5 angstroms is used to filter out all non-significant interactions in the 
binding pocket. 

 
 
Table IX - The principle moments of inertia for the final bound structure of each 
aldehyde in the M-I7 structure. 
Those aldehydes marked in pink are positive agonists as found experimentally (Bozza et. 
al. 2002).  The aldehydes are sorted by the weighted energy score from equation (2). Note 
that subsequent experiments (Bozza, private communication) found that decanal also 
binds experimentally. 
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Table X - Calculated Moment-weighted energy score from equation (2) for the 62 
odorants docked to M-I7 and R-I7(hom) (MembStruk 2.0). 
Shaded pink are those ligand names that experimentally tested positive for being an 
antagonist.  Note that subsequent experiments (Bozza, private communication) found that 
decanal also binds experimentally to M-I7, and from the literature decanal and nonanal 
bind to I7 rat. 
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I7 FIGURES 
 
Figure 1 - Sequence alignment for I7 Mouse and Rat 
The sequence alignments of I7 Mouse and I7 Rat where (I) is for intracellular loops and 
(E) is for extracellular loops. Residues that are different in M-I7 and R-I7 are highlighted 
in red.  The residues within 3.5 Å of the ligands on the final improved models are 
highlighted in purple.  For M-I7 and R-I7, there are no sequence differences in the 
binding region.  Based on alignment studies, Krautwurst et al. (1998), had suggested that 
residue 206 (Ile for M-I7 and Val for R-I7) is involved in binding; however our predicted 
3D structure puts this residue far from the binding pocket. 
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Figure 2 - Comparison of I7 Mouse and Rat Structures 
Shown is the top view (looking down from the extracellular region) of the alignment of 
structures M-I7 and R-I7(hom) on the plane of intersection through their centers of 
hydrophobicity.  The center point is the center of mass of both structures, and the circles 
represent the distance of the helix from the plane (a thicker circle is upwards towards the 
extracellular region).  The arrows represent the hydrophobic moment of the helices. 
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Figure 3 - Comparison of I7 Mouse with Bovine Rhodopsin (1F88) 
Shown is the alignment of the M-I7 structure with bovine rhodopsin on a plane of 
intersection from a top view (looking down from the extracellular  region).  The center 
point is the center of mass of both structures, and the circles represent the helices distance 
from  the plane (a thicker circle is upwards towards the extracellular region).  The arrows 
represent the hydrophobic moment of the helices. 
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Figure 4 A and B - Predicted 3D structure for M-I7 OR 
This includes the predicted binding location for octanal (purple).  Transmembrane 
domains with residues involved in binding: 3, 4, and 6 are labeled.  The disulfide bonds 
were assigned between Cys102-Cys184 and Cys174-Cys194.  
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Figure 5 A and B - Predicted structure for R-I7(hom) OR 
This includes the predicted binding location for octanal (purple).  Transmembrane 
domains with residues involved in binding: 3, 4, and 6 are labeled.  The disulfide bonds 
were assigned between Cys102-Cys184 and Cys174-Cys194. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 236

Figure 6 - Predicted recognition site for octanal in M-I7 OR (bottom view, looking 
up from the intracellular region). 
Residues within 3.5 Å of the ligand are displayed as thicker with labels in bold font. 
Lys164 forms a hydrogen bond to the oxygen of the aldehyde.  Transmembrane (TM) 
domains 3-7 have residues directly involved in binding. 
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Figure 7 - Predicted recognition site for octanal in R-I7(hom) OR (bottom view). 
Residues within 3.5 Å of the ligand are displayed as thicker with labels in bold font. 
Lys164 forms a hydrogen bond to the oxygen of the aldehyde.  Transmembrane (TM) 
domains 3-7 have residues directly involved in binding. 
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Figure 8 - Predicted recognition site for citral, nonanal, and trans-cinnamaldehyde 
in M-I7 
Predicted recognition site for citral (yellow), nonanal (lime), and trans-cinnamaldehyde 
(orange) in M-I7 (side view, looking along a plane cutting the membrane region).  
Residues within 3.5 Å of the ligand are shown. 
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Figure 9 - Predicted recognition site for decanal (purple) in M-I7 OR (side view). 
Residues within 3.5 Å of the ligand are shown, and you can see the twisting of the 
decanal in the binding pocket. 
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Figure 10 - Predicted recognition site for lilial (purple) in M-I7 OR (side view). 
Residues within 3.5 Å of the ligand are shown, and octanal (blue) to show how lilial 
binds vertically in the protein. 
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Figure 11 - Predicted recognition site for lyral (purple) in M-I7 OR (side view). 
Residues within 3.5 Å of the ligand are shown.  
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Figure 12 A and B - Location of lowest binding energy on moments of inertia. 
This figure consists of A) a contour map and B) a wireframe map of the binding energy 
versus the two smaller moments of inertia from the data in Table VIII.  The two smaller 
moments of inertia are the x and y-axis and the binding energy is the z-axis.  The positive 
agonists tend to have Ix (first moment) between 36 and 200 and Iy (2nd moment) = 650 to 
2050.  This is shown as a rectangle. In contrast the false positives lyral and lilial have Ix, 
Iy = 439.9, 2397.6 and 383.3, 2066.6 respectively.  This is shown as two large x’s. 
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Figure 13 - Binding pocket of odorants in M-I7, top view (looking down from the 
extracellular region). 
The three residues (Cys 117, Lys 164, Ser 280) that can form possible hydrogen bonds to 
a ligand are shown with their distances.  Also shown are residues 205 and 109 that limit 
the width of the binding pocket.  This pharmacaphore model has been used to derive new 
odorants that can be potential agonists for M-I7 receptor.  These are described briefly in 
the text. 
 

 
 
 
 


