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Appendix B: 17

Here we discuss the details of the improvement in methods made as a result of
utilizing experimental data (Bozza et. al. 2002) and theory.

We predicted two sets of structures for M-17 and R-17. The first set of structures
was predicted using the structure prediction algorithm MembStruk1.0 from Floriano et al.
2000. We refer to these structures as preMI7 and preRI7. The second set of structures
used an improved MembStruk method (version 2.0) that includes the coarse grain
optimization of the rotational orientation of the helices, called CoarseRot (described
below). This step has improved the structures, as shown below, and we refer to the
structures as M-17 and R-17. The reason that we report results for all these structures, is to
show how the utilization between theory and experimental data have enabled the
improvement of methods. Also, the docking results were originally carried out using the
preM-17 and preR-17 structures. These results are a blind test, prior to having access to
the experimental results from experiments (Bozza et al. 2002) and we felt that it was
important to report both the answers we knew before we had access to the experimental
results along with the answers we get with our new generation structures.

Details of the various methods used for predicting structure and function of rat
and mouse 17 olfactory receptors (OR) are given below.

1.0 Force Fields

We used the Dreiding Force Field (FF) (Mayo et al. 1990) to describe the valence

and van der Waals (vdW) interactions of the ligands and Gasteiger (Gasteiger et al. 1980)

charges to describe the electrostatic (Coulomb) interactions. For the free ligand, the
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dielectric constant was taken as 1.0, and there were no cutoffs in the VdW and Coulomb
interactions.

For the protein we used the Dreiding FF with CHARMM charges. Here we used

a dielectric constant of 1.0 and the Cell Multipole Method (CMM, Ding et al. 1992a,b)
for calculating the vdW and coulomb interactions. The solvation energies and forces for
the odorants were calculated using the Analytical Volume Generalized Born (AVGB)
continuum solvation method using a dielectric constant of 78.2 for outside the protein and
1.3 for inside the protein.
2.0 MembStruk Procedure for Predicting Structure of M-17 and R-17
The details of MembStruk1.0 and MembStruk2.0 are described elsewhere

(Floriano et al., 2000; Vaidehi et al., 2002), but we will summarize the various steps in a
MembStruk1.0 prediction (improvements to version 2.0 described in Section 5.0) using
M-17 as the example.

2.1 TMPred: Predict helical regions from hydrophobicity profiles:

The TM helices were identified for ORs on the basis of hydrophobicity by the
multisequence profile method, of Donelly 1993, implemented in PERSCAN. To do
this, we aligned the sequences for M-17 and R-17 along with 21 other rat and mouse
OR’s that had similar homology, and used these alignments in PERSCAN to predict
the TM region based on hydropathicity profiles. (See Figure 1). These predicted TM
regions were used to build canonical right-handed a-helices.

We then oriented each helical axis to match the 7.5A electron density map from
frog rhodopsin (Schertler 1998). The barrel of seven TM helices of the GPCR is

surrounded by the lipid bilayer (membrane). The residues bordering the membrane
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are expected to be hydrophobic, while hydrophilic residues are expected to point
toward the internal regions or toward other helices. Thus we take the initial position
of each TM region to have its net hydrophobic moment point outward from the center
of the barrel of seven helices.

2.2 Optimization of the TM region

The structures of these helices were optimized using NEIMO (Newton-Euler
Inverse Mass Operator) torsion MD (Jain et al. 1993, Mathiowetz et al. 1994, Vaidehi
et al. 1996), which allows all torsion angles to change, but keeps the bonds and angles
fixed.

2.3 Optimization of the helical bundle

Starting with the optimized seven-helix barrel, we packed 100 lipid molecules
(DPC) around the helixes and optimized the lipid region (as rigid bodies) while
keeping the TM barrel rigid. This rigid body dynamics was carried out for 100 ps in
MpSim (Lim et al., 1997) to ensure equilibration.
2.4 Full atomic Optimization:

Following the rigid body dynamics, loops were added to the helices using the
WHATIF (Vriend 1990) software. After the addition of loops we performed a full
atom minimization of the loops (leaving the TMR fixed) until a RMS of 0.5 has been
achieved, then full minimization of the complete GPCR.

3.0 Preparation of the odorant library for docking studies:

We were provided with the names of the 56 molecules that had been tested for

activity on M-17 and R-17 ORs (Bozza private communication), but were not provided

any information about the binding site or the measured odorant binding profile. This set
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of 56 molecules includes alcohols, carboxylic acids, esters, ethers, aldehydes, and
ketones. Including stereoisomers leads to the 62 ligands shown in Table I of the
publication. For each molecule, we constructed the extended conformation and
minimized the structure using conjugate gradients. These minimized conformations were
used as starting conformations for HierDock. The acids and possibly charged odorants
were considered in both charged and neutral forms for docking. The analysis of the
docking site used whichever charge gave the best docking energy.
The receptor/odorant complexes were then ranked according to the predicted binding
affinities. These results are in Table IV of the publication.
4.0 The HierDock2.0 Procedure for Predicting Binding Site and Binding Energy

We used the HierDock2.0 procedure (Floriano et al., 2000) to predict the odorant
binding sites and binding energies in M-17 and R-I7 ORs. HierDock is a hierarchical
docking strategy consisting of a coarse grain docking method to generate ligand/protein
bound structures followed by fine grain all atom optimization of a certain number of
these complexes using continuum solvation methods. HierDock has been validated for
other ORs (Floriano et al. 2000), other GPCRs (Vaidehi et al. 2002), and also globular
proteins (Wang et al. 2002; Datta et al. 2002). The details of the HierDock2.0 protocol
are described elsewhere (Floriano et al. 2000, Vaidehi et al. 2002, Wang et al. 2002), but
we summarize the main elements of the procedure as applied to odorant docking to the
ORs.

4.1 Scanning the entire receptor for potential binding sites

For each of the 62 ligands in Table 1 of the publication, we scanned for

possible binding regions across the entire receptor (except for the intracellular
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loops and the part in contact with the membrane). These regions used for docking
were described using spheres generated over the whole receptor (using the
Sphgen program in DOCK4.0), partitioned into 13 overlapping cubic docking
boxes each with a side of 10A, as shown in Appendix Figure 2. We then
performed HierDock calculations in each of these 13 regions. The steps are as
follows:

a. Coarse Docking: Using Dock 4.0 (Ewing 1997) we generated 1000
conformations for each of the 62 odorants in the two receptors preM-17 and preR-
I7. We used the flexible ligand docking option with torsion minimization, a non-
distance dependent dielectric constant of 1, and a cutoff of 10 A for energy
evaluation. The conformations were ranked using energy scoring function from
DOCK4.0. The best scoring 10% (100 conformations) for each odorant in each of
the 13 binding regions were used as input for the next step of finer refinement of
conformations and energy evaluation.

b. Ligand optimization: The next step is to select a subset of the docked
ligands using a better FF and optimizing the structure of the ligand with protein
fixed. Here we used the Dreiding FF and Gasteiger charges for the ligands and
calculated energy of the ligand with protein fixed using the all-atom Dreiding
forcefield. We did for each of the 100 structures from level a. For each of these
100 minimized structures we calculated the amount of the ligand surface that is
buried in the receptor using Connolly’s MS program from QCPE (Connolly,
1983). For each box and each ligand we then selected the best energy structure

with a buried surface area above 90%.
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C. Selection of the binding region: The above steps a and b were performed
for each of the 62 ligands in table I of the publication for each of the 13 potential
binding regions. For each ligand we determined the protein binding site by
selecting the region with the best binding energy. We then considered the final
coordinates of all the ligands in their binding site and then defined the "binding
site" as the average of the center of mass of the ligands in a 3A radius cluster that
contained the highest number of ligands. We then defined the putative binding
region as a cube with 10A on each side centered at this site. This binding region
was determined independently for R-17 and M-17.
4.2. Determining the binding conformation and binding energies for all the
ligands

The entire library of 62 odorants was docked into the putative binding
region, repeating steps a and b of HierDock for just this region. This leads to 100
conformations for each ligand. Of these we selected (for each of the 62 odorants)
the 10% (10 conformations) with the lowest energies for the next step.
4.3. Optimizing bound ligand-receptor complex for all the ligands

To determine the best binding conformation of each ligand in the receptor,
it is important to allow both the ligand and the receptor to optimize their
conformations. Thus the 10 best scoring structures from step d were minimized
allowing all atoms of both protein and ligand to be optimized. Each structure was
scored using the binding energies:

BE = PE (odorant in water) — PE (odorant in the receptor). (1)
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where BE is the binding energy of the odorant in the receptor, PE (odorant in
receptor) is the potential energy of the odorant calculated with the OR fixed. PE
(odorant in water) is the potential energy of the odorant in water calculated for the
starting conformation of the ligand. Even though the protein was allowed to relax
in step 4, the potential energy of the odorant in the receptor in (1) was calculated
using DREIDING force field with the receptor atoms fixed. The PE of the odorant
in water was calculated using the AVGB continuum solvation method.

4.4 Binding energies calculated for odorants in the preM-17 and preR-17
structures

The preM-17 and preR-17 structures were used for the odorant binding
profile predictions showed in Table IV of the publication. About 10 aldehydes
were predicted to be good binders to both R-17 and M-17, suggesting that this
receptor is an aldehyde receptor. However our predictions showed that heptanal
and octanal both bind equally well to both preR-17 and preM-17 receptors. This is
contrary to the results in current literature (Krautwurst et al. 1998) that reported
only heptanal binds to R-17 while only octanal binds to M-17.

As indicated in Table IV of the publication, the predicted binding is in fair
agreement with experiment. In particular the experimental data also showed that
both heptanal and octanal bind to both M-I17 and R-17 as we had predicted.
Although there were several false positives (e.g. lilial, lyral, decanal), Table IV
indicates that the blind predictions correctly predicted that aldehydes would
activate R-17 and M-17.

4.5 Binding site analysis for the preM-17 and preR-17 structures
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Along with the binding energies a look at the specific residues and their
positions in the binding site were analyzed. The final position of heptanal in
preM-17 and the final position of octanal in preR-17 from the HierDock?2.0
protocol were used to look at the hydrogen bonding and relative distances of the
residues. These results are found in Appendix Figure 3. The distances show that
these structures are relatively loose fitting in the binding site and are not always
hydrogen bonded to Lys164. However, the binding site is still in agreement with
other results that present that binding happens in the TM3 — TM7 region as seen
with D2 (Kalani et. al. PNAS 2004 — reference in main document). This gives the
descent binding energies that compare to experiments.
5.0 Refinement of Computational Methods and Results

In the original formulation of MembStruk, described above in section 2.0, the first
step 2.1 above was followed by steps 2.2 to 2.2.4. However in applying this method to
various systems we found the MembStruk1.0 was not optimized to give the best energy
orientation of the helices. Without coarse grain optimizations, fine grain molecular
dynamics (MD) like the rigid body MD does not provide adequate sampling of
orientations of the helices. In studying these systems, we concluded that it was necessary
to scan through large ranges of these orientations to go over barriers to sample new
orientations that may have better energies. We also learned that that it was important to
allow the neighboring helices reorient and to allow the side chains to reoptimize for the
changes in rotational orientation of the helices. Hence, we developed the improvement to

MembStruk to include a step to scan over a large region of orientations called CoarseRot
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shown below. This new step would come right after step 2.2, and followed by the steps
2.3t02.5.
5.1 CoarseRot: Hydrophobic analysis and mesoscale rotation method
Since the orientation of the helical axes and their tilts with respect to each
other are critical factors in determining the conformation of the ligand-binding
site in GPCRs, we developed the coarse grain CoarseRot procedure to optimize
the rotations and translation of each helix in the seven helical TM barrel. There

are two methods involved in CoarseRot:

1) CoarseRot-E optimizes with respect to the total energy (most important for
T™3)
2) CoarseRot-H orients the net hydrophobic moment of each helix pointing

to be toward the membrane (most important for the other six TMs).

In the CoarseRot-E procedure, each of the seven TM’s is optimize through
a range of rotations and translation one at a time (the active TM) while the other
helices are reoptimized in response. The active TM is allowed to rotate through
the range of rotation angles about its helical axis in which its net hydrophobic
moment points outwards. After each rotation of the main chain (kept rigid) the
side chain positions of all residues for all seven helices in the TMR are optimized
using SCWRL (Bower et. al. 1997). The atoms of the active helix is then fully
conjugate gradient minimized till an RMS of 0.5 is achieved or 80 steps of
minimization have occurred in the field of all the other helices (all atoms fixed)
using with the DREIDING all-atom force field (Mayo et al., 1990). This

procedure is carried out for a grid of rotation angles for the active helix to
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determine the optimum rotation for the active helix. Keeping the active helix in its
optimum rotated conformation, we then allow each of the other six helices to be
rotated and optimized. Here we rotate the main chain, SCWRL the side chains
and then optimize the atoms of each of the six helices one by one. The
optimization of these six helices is done iteratively until there is no further
lowering of energy. This method is most important for TM 3, which is near the
center of the protein and not particularly amphipathic (it has a small hydrophobic
moment due to several charged residues) (see Appendix Figure 1).
In the CoarseRot-H procedure, the hydrophobic moment is calculated for the
middle portion of each helix (typically the middle 1/3 or ~ 15). The
hydrophobicity vector is then projected onto the common helical plane to point
farthest away from the two nearest TMs or else it is oriented exactly opposite to
the direction toward the geometric center of the TM barrel. The helical plane is
defined as the plane that most closely intersects the geometrical midpoints of all
seven TM helices. The midpoint is calculated from the positions of the alpha
carbon from each residue in the helix. After positioning the hydrophobic vectors,
we search over a grid of small rotations (~10°) and translations (~1A) for each
helix to find a position for each of the seven helices that maximizes the number of
salt bridges and hydrogen bonds between helices. This method is most
appropriate for the six helices having significant contacts with the lipid
membrane, since the hydrophobic moments pointing towards the membrane.

The full CoarseRot protocol combines both the energy optimization and

hydrophobic moments should provide even better adjustments to the geometry of
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the structures and better correlation of the predicted binding profiles to
experimental data. To distinguish the results using CoarseRot from those that did
not, we refer to the latter structures (predicted with MembStruk in section2.0) as
preM-17 and preR-17.
6.0 Results For The Refined Computational Methods
Simultaneously with carrying out the binding studies in Table IV of the
publication, we had been developing the CoarseRot method to better optimize the TM
regions for GPCRs and had tested it for bovine rhodopsin and some other GPCRs
(Vaidehi et al 2002, Trabanino et al 2003).
6.1 Improving the M-17 and R-17 Predicted Structures

Consequently after receiving the experimental results, we proceeded to
predicted odorant binding profiles for the new structures of the receptors. The
new M-17 structure was found to lead to excellent correlation with the
experimental results. This M-17 structure differed from the original preM-17
structure by rotating TM1 by 15°, TM3 by 15°, TM4 by 5°, and TM5 by -80°. The
rotation angles chosen were automatically determined by the CoarseRot algorithm
detailed in section 5.1. Thus a generic improvement in the MembStruk method
eliminated the few false positives in the original predictions.

This improved the agreement between the calculated binding energies and
experimental odorant activation profile for M-17 structure. On the other hand the
agreement of the predictions for R-17 was less impressive. Since the sequences of
M-17 and R-17 differ by only 15 mutations, we decided to generate the homology

based structure for R-I7 by mutating the predicted structure for M-17 and then
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reoptimizing this predicted structure. This structure is denoted as R-17(hom) (

homology structure of rat 7 obtained from mouse structure, M-17 as template).
The results of docking the odorant library to M-I7 and R-I7(hom) are shown in
Table V of the publication, where we see a good correlation with experimental

results.
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17 Appendix Figures

Figure 1 - Perscan Hydrophobic Moments
Shown in this figure are the relative positions of the TM regions 1 through 7 and their

respective hydrophobic moments pointing in the positions originally dictated by
PERSCAN (Donnelly 1993).

«< I ’
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Figure 2 - prel7 Rat with Docking Boxes
This figure shows the position of the 13 binding boxes on the preRI7 model for scanning
the model for a binding site.

prel7 Rat with Docking Boxes
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Figure 3 - Binding site distances for 17 Mouse and Rat

The figure shows the distances from the heavy atoms in the side chains of each residue to
the non-hydrogen atoms of the respective antagonists for preM-17 (heptanal) and preR-17
(octanal). Where hydrogen bonding is present a “HB” will be next to the distance.

Mouse I7 Rat I7

™ Min Dist. ™ Min Dist.
Residue Region | from Ligand Residue Region |from Ligand
Phe 109 TM3 39 Phe 109 TM3 3.8
Gly 113 TM3 38 Leu 110 TM3 45
Cys 114 TM3 32 Gly 113 TM3 47
Cys 117 TM3 36 Cys 114 TM3 3.6 HB
Lys 154 T4 3.4 HB Lys 154 T4 31
Tyr 173 LP4 29 lle 255 TMG 46
Leu 212 TM5 46 Ala 259 TMEG 41
lle 255 TME 44 Ala 260 TMG 41
Ala 259 TMB 46 Ser 280 TM7 47
Ser 280 TM7 52
Val 281 TM7 37
Ala 284 TM7 3.8




